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REMARKS 

Reconsideration of the above-identified application in view of the remarks 
following is respectfully requested. 

Claims 1-11 are in this case. Claims 4-1 1 were Withdrawn under a restriction 
requirement as drawn to a non-elected invention. Claims 1-3 have been rejected. 
Claim 3 has now been Cancelled. Claims 1-2 have now been amended. New claims 
12 and 13 have now been added. 

35 U.S.C. §1 12 second paragraph rejections 
The Examiner has rejected claims 1-3 under U.S.C. §1 12 second paragraph as 
being indefinite for failing to particularly point out and distinctly claim the subject 
matter which Applicant regards as the invention. The Examiner's rejections are 
respectfully traversed. Claim 1-3 have now been amended. New claim 12 has now 
been added. 

The Examiner states that claim 1 is ambiguous and unclear in the recitation of 
"functional human 0-2 microglobulin and functional human MHC class I". 

Applicant wishes to point out that the term "functional" with respect to 
human p-2 microglobulin or human MHC class I is well-defined in the specification 
of the instant application. 

Specifically, Applicant wishes to direct Examiner's attention to Page 21, lines 
6-11 of the instant application which state as follows: 

"As used herein the term "functional " when used in reference 
to the fi-2 microglobulin and heavy chain polypeptides regions of a 
single chain MHC class I complex refers to any portion of each 
which is capable of contributing to the assembly of a functional 
single chain MHC class I complex (i.e., capable of binding and 
presenting to CTLs specific antigenic peptides when complexed). " 
(Emphasis added) 

Thus, the term "functional" refers to any biological characteristics (e.g., 
heterodimerization, peptide binding) of these polypeptides which ultimately enable 
the presentation and hence binding of soluble MHC class I complexes to CTLs. 
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For example, as shown in Example 1 of the Examples section of the instant 
application (pages 53-54, see also Figures 7a-b) compositions of the present 
invention containing the G9-209-2M peptide specifically activated the 209-specific 
CTL clone R6C12 but not the Mart-1 specific CTL clone JB2F4, indicating that the 
refolded scMHC-peptide complexes of the claimed invention are functional and 
specific . 

Notwithstanding the above and in order to expedite prosecution of this case, 
Applicant has elected to amend claims 1 and 2 to better define the subject matter of 
the claimed invention. 

Claims 1-2 have now been amended to recite the phrase "biologically 
functional", which clearly removes any lack of definition relating to the recitation of 
"functional" in the claim. Thus, Applicant is of the opinion that amended claims 1 
and 2, thereby overcomes the Examiner's rejection. 

Due to the vast amounts of information available with respect to the 
compositions of the present invention, and the guidelines and examples provided in 
the instant application, Applicant strongly believes that one of ordinary skill in the 
art privileged to the teachings of the present invention would be more than capable of 
selecting and synthesizing the compositions of the present invention which are 
capable of the described functional characteristics without having to resort to trial 
and error experimentation. 

The Examiner states that claim 1 is ambiguous and unclear regarding the 
relationship of the "antigenic peptide" portion of the isolated chimeric polypeptide to 
the "functional human (3-2 microglobulin" and "functional human MHC class I" 
portions of the chimeric polypeptide. The Examiner further states that claim 1 is 
ambiguous and unclear in the arrangement (i.e., specific order or freeform) of the 
elements of the chimeric polypeptide. 

The present invention relates to an isolated composition comprising a 
chimeric polypeptide composed of a recombinant (i.e., expressed in host cells from a 
DNA construct) human (i-2 microglobulin and a recombinant human MHC class I 
heavy chain, which are linked (to form a single polypeptide chain) in a manner which 
enables such a single polypeptide chain to bind the antigenic peptide (i.e., in a 
functional arrangement). 
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It will be appreciated that various configurations of the composition of the 
present invention can be utilized as long as a functional assembly is obtained. For 
example, the isolated composition can be generated from a chimeric single chain 
polypeptide comprising the human p-2 microglobulin and the heavy chain of human 
MHC class I and an antigenic peptide which is either co-expressed from a separate 
DNA construct or separately synthesized. 

Another example is a single chimeric polypeptide which comprises the 
human P-2 microglobulin, the heavy chain of human MHC class I and the antigenic 
peptide. 

Support for such configurations can be found throughout the instant 
application. For example, Page 23, lines 12-16, describe a composition in which a 
recombinant chimeric polypeptide comprises the functional MHC heavy chain and 
the functional P-2 microglobulin with a linker peptide in between, while the 
antigenic peptide is either expressed from a second nucleic acid construct (Page 25, 
lines 12-16) or synthesized (as described on Page 38 lines 13-23, and Page 39 lines 
1-2) and exogenously added following re-folding of the insoluble inclusion bodies 
comprising the single chain MHC class I complex (as described on Page 41, lines 9- 
22). 

A chimeric polypeptide configuration can be generated using a nucleic acid 
construct in which the coding sequence of the human MHC class I heavy chain is 
translationally fused downstream to the coding sequence of human P-2 
microglobulin (i.e., the 3' end of the P-2 microglobulin is followed by the 5' end of 
the human MHC heavy chain, optionally using a linker peptide interposed 
therebetween, as described on Page 34, lines 3-9. 

Alternatively, Page 23, lines 18-25 and Page 24, lines 1-20 teach a chimeric 
polypeptide in which the antigenic peptide is covalently linked upstream of the 
human p-2 microglobulin (i.e., such that the 3'-end of the antigenic peptide is 
followed by the 5'-end of the P-2 microglobulin) directly or via a spacer (or linker) 
which is further conjugated (as described hereinabove) to the MHC class I heavy 
chain. 
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Not withstanding the above, and in order to expedite prosecution of the 
instant application, Applicant has elected to amend claim 1 to better define the 
claimed invention. 

Thus, Currently Amended claim 1 recites: 

"An isolated composition comprising a plurality of 
complexes each being composed of an antigenic peptide being 
capable of binding a human MHC class I and a chimeric 
polypeptide each comprising a biologically functional human 
microglobulin trans lationally fused to a biologically junctional 
human MHC class I heavy chain and wherein said plurality of 
complexes are recognizable by a single specific CTL clone." 
(Emphasis added) 

Accordingly, new claim 12 which claims a chimeric polypeptide 
configuration which includes all three components has now been added. 

Ample support for these claim amendments can be found throughout the 
instant application. As described on Page 34, lines 3-9, the human |3-2 microglobulin 
and the MHC class I heavy chain can be expressed from a single nucleic acid 
construct in which the polynucleotide encoding the human MHC class I heavy chain 
is translationally fused {i.e., covalently linked to form a single continuous open 
reading frame; Page 21, lines 15-20) downstream of the polynucleotide encoding the 
human P-2 microglobulin. 

In view of the above arguments, Applicant believes to have overcome the 35 
U.S.C. § 112, second paragraph, rejections. 



35 U.S.C. § 103 rejections - Mottez in view of Lone 
The Examiner rejected claims 1-3 under 35 U.S.C § 103(a) as being 
unpatentable over Mottez et al. (J. Exp. Med. [1995] 181:493-502) in view of Lone 
et al. (J. Immunotherapy [1998] 21(4):283-294). The Examiner's rejections are 
respectfully traversed. Claims 1-3 have now been amended. New claims 12 and 13 
have now been added. 

The Examiner states that Mottez et al. teach single chain constructs 
comprising a murine MHC class I heavy chain joined to p2-microglobulin with a 
covalently bound antigenic peptide, and that Lone teaches that the same techniques 
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were applied to human MHC class I heavy chain HLA-A2.1, which was joined via a 
15-amino acid linker to human p2-microglobulin. The Examiner further states that 
according to Lone et al., the single chain MHC class I construct folded properly, was 
functional, and specifically bound HLA-A2 restricted peptides and induced peptide- 
specific cytotoxic T cells to proliferate and produce IL-2. 

The present invention relates to an isolated homogeneous composition which 
comprises a plurality of complexes each including an antigenic peptide of a 
predetermined sequence which is capable of binding a human MHC class I and a 
recombinant functional human p-2 microglobulin translationally fused to a 
recombinant functional human MHC class I heavy chain. Such an isolated 
composition of well-defined components is recognizable by a single specific CTL 
clone and may serve as a valuable tool for in vitro studies of MHC-T-cell receptor 
(TCR) interactions and MHC-peptide complex structural analysis as well as for the 
inducement of specific T-cell responses and the in vivo modulation of immuno 
response for clinical purposes. It will be appreciated that for such applications, the 
components comprising the MHC-peptide complex of the present invention should be 
known and well-defined by their amino acid sequence. 

In the interest of better distinguishing the claimed invention from the prior art, 
Applicant has elected to amend claim 1 as follows. 

"An isolated composition comprising a plurality of 
complexes each being composed of an antigenic peptide being 
capable of binding a human MHC class I and a chimeric 
polypeptide each comprising a biologically functional human /3-2 
microglobulin translationally fused to a biologically functional 
human MHC class I heavy chain and wherein said plurality of 
complexes are recognizable by a single specific CTL clone . " 
(Emphasis added) 

New claim 13 has been added. 

"A bacterial inclusion body comprising a chimeric 
polypeptide which comprises a biologically functional human J3-2 
microglobulin translationally fused to a biologically functional 
human MHC class I heavy chain. " 
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Ample support for the added claim language can be found throughout the 
instant application, such as for example in page 1 lines 25-27. 

"... which complexes are capable of presenting specific 
antigenic peptides restricted to class I MHC and recognizable by 
specific CTL clones or CD+8 T-cells. " 

Support for expression and recovery of inclusion bodies expressing the 
complexes of the present invention can be found in the Examples section of the 
instant application (e.g., under the section "Expression, refolding and purification of 
scMHC-peptide complexes" of page 43 of the instant application). 

Applicant wishes to point out that in sharp contrast to the homogeneous 
compositions of the present invention, Mottez and Lone describe a heterogeneous 
composition which comprises a mixture of endogenous and exogenously expressed 
MHC class I complex (i.e., a P-2 microglobulin and MHC class I heavy chain) with 
an antigenic peptide. 

Mottez et al., describe a eukaryotically expressed single polynucleotide 
encoding a mouse MHC molecule covalently bound to an antigenic peptide. Mottez 
et al. designed a DNA construct in which the oligonucleotide sequence encoding the 
antigenic peptide is ligated between the signal sequence and the mature sequence of 
the murine MHC Kd molecule, which are further ligated to the sequence encoding the 
murine 02 microglobulin. Following the expression of such a DNA construct in 
eukaryotic cells (e.g., mouse L cells and CHO cells) Mottez et al., detected the 
antigenic peptide on the cell surface of the transfected cells and prepared soluble 
MHC complexes which were mistakenly assumed to include the recombinant 
antigenic peptide and the recombinant MHC I complex . In fact, since eukaryotic cells 
include endogenous MHC I complexes and a well-developed proteasome machinery, 
following the expression of such a DNA construct, which encodes the MHC I 
complex bound to the antigenic peptide, the recombinant MHC I complex is degraded 
by the endogenous proteasome machinery and the degraded antigenic peptide, which 
exhibits the inherent properties of a class I MHC peptide, further forms a complex 
with similar endogenous MHC I complex derived from the transfected cells (i.e., 
resulting in a non-isolated, non-defined complex). Thus, contrary to the isolated 
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composition of the present invention, the compositions described by Mottez et al. will 
activate more than one CTL clone (such as when administered to a subject) and as 
such cannot be used for the in vitro studies of MHC-T-cell receptor (TCR) 
interactions and MHC-peptide complex or for clinical applications. 

Similarly, Lone et al. generated a DNA construct that encodes a single chain 
polypeptide comprising the human (J-2 microglobulin and human MHC-class I heavy 
chain, and expressed such a DNA construct in eukaryotic ( i.e., rat basophil) cells 
(RBL-2H3). As is mentioned hereinabove, in such eukaryotic cells the endogenously 
degraded peptides as well as the endogenouslv expressed HLA and B2-m polypeptides 
can form a complex with exogenouslv expressed HLA and/or ft2-m and the 
exogenouslv added antigenic peptide. Thus, chimeric molecules generated using such 
eukaryotic cells as an expression system necessarily comprise a mixture of 
endogenous polypeptides and peptides of unknown sequences and exogenously 
expressed polypeptides (i.e., v ia the expression vector) and exogenously added 
peptides. Thus, contrary to the isolated homogeneous composition of the present 
invention, the compositions described by Lone et al. will activate more than one CTL 
clone (such as when administered to a subject) and as such cannot be used for the in 
vitro studies of MHC-T-cell receptor (TCR) interactions and MHC-peptide complex 
or for clinical applications. 

Tn addition, according to Lone et al., following the formation of the purified 
MHC class I polypeptide, the antigenic peptide was "loaded" (Lone et al., page 5, left 
column, lines 28-29) into the purified single chain MHC class I (SC-A2). However, it 
is well known that MHC class I polypeptides can not be correctly folded in the 
absence of a peptide [Fundamental Immunology, Forth edition; Lippincott-Raven 
publishers, pp. 273; Paul WE (Ed.)]. Therefore, the MHC class I polypeptide 
generated by Lone et al. was already bound to an endogenouslv expressed antigenic 
peptide . Thus, the "loading" step of the antigenic peptide performed by Lone et al. 
was actually an exchange reaction between the endogenous peptide and die 
exogenouslv provided peptide (e.g., NA17-A melanoma peptide). Such an exchange 
reaction involves stripping of the peptide, a reaction utilizing acid [Rotzschke O, et 
al., 1990, Isolation and analysis of naturally processed viral peptides as recognized by 
cytotoxic T cells, Nature. 348(6298): 252-4], which therefore results in destabilization 
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of the MHC-I heavy chain and p2-m complex [Rammensee HG, et al., 1993, MHC 
molecules as peptide receptors, Curr. Opin. Immunol. 5(1): 35-44; Urban RG, et al., 
1997, The discovery and use of HLA-associated epitopes as drugs, Crit. Rev. 
Immunol. 17(5-6): 387-97]. Thus, due to the use of eukaryotic host cells and the 
further exchange reaction of the antigenic peptide, Lone et al. failed to obtain a 
recombinant MHC polypeptide in a complex with the exogenously added antigenic 
peptide. Thus, using the teachings of Mottez et al. and/or Lone et al. it is impossible 
to obtain the presently claimed isolated composition of a well-defined, synthetic or 
recombinant MHC-peptide complex of the present invention. 

In contrast to prior art studies, the present invention teaches a soluble MHC 
molecule which is expressed in bacteria (e.g., E. coli) which lack the proteasome 
machinery. Such a bacterially expressed soluble MHC molecule is devoid of 
endogenous antigenic peptides and thus is available for binding peptides of interest . 

This unique approach for expressing human MHC class I in prokaryotic cells 
enables isolation of functional MHC class I polypeptide since the synthesized protein 
is concentrated as insoluble inclusion bodies which can be recovered and refolded in 
the presence of the peptide to produce a functional and stable MHC I complexes, as a 
result, no peptide stripping and exchange is required. 

Thus, in contrast to Examiner's statement, the isolated composition of the 
present invention which includes complexes of a biologically functional human MHC 
I complex, a biologically functional human (3-2 microglobulin and an antigenic 
peptide capable of binding MHC I and are capable of activating a single CTL clone is 
novel and non-obvious with respect to the prior art cited. 
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In view of the above arguments, Applicant believes that claims 1-2 and newly 
added claims 12-13 are now in condition for allowance. Prompt notice of allowance 
is respectfully and earnestly solicited. 



Respectfully submitted, 

Martin Moynihan 
Registration No. 40,338 

Date: September 8, 2005 



Enc: 

Two-month extension of time; 
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TABLE 6. HLA disease associations 



Narcolepsy 

Ankylosing spondylitis 



Antigen 
HLA-DR2 



HLA-B27 

HLA-B8 

HLA-B1S 

HLA-OR3 

HLA-DR4 

HLA-DH2 

HLA-ORB1*0301 

HLA-DRB1TJ401 

HLA-DQA1*O301 

fiLA-OCIBI'0302 

HLA-DR4 



HLA-A1 

HLA-DRB1M104* 
HLA- A3 
HLA-Cw6 
HLA-DR3 
HLA-DR2 



0.69 
0.81 
0.58 
0.47 
0.40 



0.74 
0.04 
0.64 
0.S9 
0.85 
0.81 
0.68 
0.6S 
0.44 
0.40 
0.058 
0.78 
0.B7 
0.79 
0.59 



C Caucasian; O. Oriental; N, Black, 
ofha irsquenclee given are the total genoiypio frequencies of all iiwfividuals with at least 
allele. Both homozygous and heterozygous individuate are included. • 
In this case, the rrequenciee are based on allele frequencies, not genotype frequencies. 
Taken from ref. 113. 



one copy of the dleignated 



0.22 
034 
0.09 
0.01 
0.04 
0.10 
0.21 
0.14 
0.22 
0.24 
0.29 
0.27 
0.2S 
0-35 
0.23 
0.25 
0.39 
0.10 



0.33 
0.Z6 
0.26 



a more complete retrospective evaluation of the available data sug- 
gest* that will The exception only of the H-2& gene, the sponta- 
neous mutation rate for H-2 genes wag comparable to that for 
uoo-H-2 genes (134). The characterization of these mutant ani- 
mals, first based on peptide maps and amino acid sequences of the 
H-2. proteins (135-138) and later based on the nucleotide 
sequences of the cloned cDNAs or genes (101.102), provided some 
of the basic biochemical information on which later studies of 
structure and function and mechanism of gene evolution were 
based. 

Expression of MHC Molecules 

MHC molecules, synthesized in the BR and destined for cell sur- 
face expression, arc controlled at many steps before their final dis- 
position as receptors available for interaction with Cither T cells or 
NK cells. The MHC-I molecules should be viewed ss trimera, con- 
sisting of the polymorphic heavy chain, the light chain, 02- 
microglobulin, and the assembled self peptide. Since there are 
numerous steps in the biosynthesis of the MHC-I molecule, regu- 
latory controls can be exerted at almost every step. In addition, 
reflecting he continuous snuggle between the immune system of 
the vertebrate organism, and rapidly adaptiblc infectious agents, a 
number of steps in biosynthesis and expression are inhibited by 
virus-encoded proteins. 

The first level of control of MHC-I expression is genetic; mat is, 
'he genes for a particular chain must be present fbr the trimer to be 



expressed. This is of course most relevant for ^-microglobulin, 
which is the obligate light chain for the complex. Induced. 02- 
ro-defective animals (fl^m"*') (139-141) lack normal levels of 
MHC-I expression, though for some molecules detectable amounts 
are present. 

The next level of MHC-I expression control is transcriptional, 
and iarerferon-y (IFN-v) regulation is particularly important (142). 
For the most part, MHC-Ia molecules are ubiquitously expressed, 
and the basis of the more limited tissue-specific expression of 
MHC-Ib molecules is only beginning to be explored (143-145). 
Interest in the regulation of placental HLA-E and HLA-O expres- 
sion is prompted by a potential role in the mothcrt tolerance of the 
fetus. 

The rest of (he MHC-I biosynthetic pathway is dependent on 
proper generation of cytosolic peptides by the protessomc and 
delivery to the BR by TAP, appropriate core glycosylation in the 
ER, transport through the Golgi, and arrival at the plasma mem- 
brane (146). A number of persistent viruses have evolved mecha- 
nisms for subverting this pathway of expression. The herpes sim- 
plex virus encodes a protein, ICF47. that blocks the activity of the 
peptide transporter TAP (147-149). Two proteins encoded by the 
human cytomegalovirus (HCMV), US2 and US 1 1 , cause rapid pro- 
tein degradation of MHC-I molecules, and another HCMV protein, 
US18. which has sequence similarity to MHC-I molecules, may 
affect normal MHC-I function by limiting p2-m availability. The 
precise mechanism of US 18 effects remains controversial. Several 
viruses, including murine cytomegalovirus (150), adenovirus 2 
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VlRUS-lnfected cells can be eliminated by cytotoxic!" 
(CTL). which recognize vims-derWed peptides bound to maior 
bSomp-aHbClity complex (MHQ class I mollies on the eeU 
serface" Until now, this notion has relied on ovenrt.eln,l DE bt. 
indt", evidence, a. the existence of naruraUy proceed -nj 
peptides has not been previously reported. Here we show Oat s»ch 
peptide* can be extracted from virus-llifected jells by »daj>«'l°J- 
Both the naturally processed H-2-D>-restrfcted and H-2-K - 



restricted peptide, rtom Influx* -udeoor ottln. re smaller than 
the corresponding synthetic peptides, which have first been osed 
o determine the "respective CTL epitopes^. ^ J?*^™ h ( ^- 
compatibllity antigens 4 , occurrence of viral peptides 
neTvify dependent on MHC class I mo ecules, because infected 
H-2" cells do not contain the H-2-D»-restricted peptide, and 
5fected H-Z k cells do not contain the H-J-K'-restrictecl peptide. 
OuTdata provide direct experimental proof for the above nonon 
on MHC-assoclmted riral peptides on vims-Infected cells. 

Influenza virus strain A/PR/8/34 was used to infect EL4 
(H-2 fc > or PSlS-TRCH-a") mouse tumour cells, respectively. 
Vhe virus-infected cells were subjected to an acid elutton pro- 
cedure that has been used to isolate naturally processed minor 
^compatibility antigens*- 1 . Molecules with re ative molecular 
passes le P ss than 5.000 (M,<5K) confined in the resu ting 
complex mixture were separated by reversed-phase HPLC IFig. 
1), Individual fractions were then tested for recognition by CI L 
specific for the dominant influenza virus *P*°P**> ^ch are 
contained in amino-acid residues 365-380 from the 
TcUoprotein (NP; peptide NP365-380) for ^««« c ^ g ^ r 
and residues 147-158 from the same protein (NP147-158) for 
^.restricted CTL, respectively' - 1 . Material recognized by D - 
restricted CTL eluted at fraction 22 of the extract from infected, 
but not uninfected. BL4 cells, whereas none of the fractions was 
recognized by K d -rcstrioted CTL (Fig. \a-d). By contrast, D - 



FIG- 1 Isolation of naturally processed viral > CTL 
epitopes from virus-infected cells. EL 4 (H-2°)(s- 
0) or PfllS-TR (rt-2") (ref.12) (e-h) tumour cells 
(8 x ltf 3 ) were left untreated (left-hand panels) or 
were infected with 30,000 units of influenza 
A/PR/8/34 virus (right-hand panels). Peptides 
were isolated from cells by acid extraction 4 ' 5 and 
separated by reversed-phase HPLC U^^O- 
Solid lines, absorption at 220 nm: dotted lines, 
percentage of aeetonltrlle In the gradient. cd,g,h, 
Individual HPLC fractions were tasted for recogni- 
tion by infiuenia virus- specific ctl lines LS9 de- 
restricted, specific for an epitope on NP385-380) 
(•) or HAS (K*-restrlcted, specific for an epitope 
on NP147-158) (♦) or with medium (O. O). Target 
cells were EL4 cells (O. •) for LSB and P815 (K-3") 
cells (<>,♦) for HASI. 

METHODS. Tumour cells were infected as 
described 9 . Cells were suspended in 0.1% trl- 
fiuoroscetie acid (TFA), dounoed, eonicstBd and 
centrifugod as described for spleen cells". Material 
in the supernatant of AL> B.000 was removed by 
gel filtration (G25 Sepharose, Pharmacia). The 
remainder of the supernatant was separated on 
a reversed-phase HPLC column (Superpae Pep S, 
Pharmacia LKB) in 0.1% TFA using a gradient of 
Increasing aeetonltrlle concentration. Row rate. 
1 ml min -1 ! fraction size. 1 ml. Individual fractions 
were collected, dried, resuspended in PBS, incu- 
bated with 51 Cr-labelled tumour cells (either £L4 
5) and tested for recognition by influema- 



i- 







|1JL 






d 





IcCTLii 



a standard a Cr release assay ai 



described 5 . Spontaneous n Cr release o 
cells ranged between 15 and 25%. Effector to 
target ratio ranged between 5:1 to 20:1. CTL line 
HASI was produced by stimulating spleen cells of 
a BALBVc mouse (prelmmunlzed with 50 units of 
A/PR/8/34 virus) with 100 ng ml" 1 of NP147-158 
peptide in minimum essential alpha medium con- 
taining 10% FCS. p -mercap methanol, glutamine. 
and antibiotics at 37 X. 5% C0 a . followed by 
• (33 Qy) 




supplemented with interleukin-2. This CTL line 

efficiently lyses. A/PR/&V34 -infected P815-TR, but 

not EL4 cells. The CTL line LS9 wes produced by 

stimulating spleen cells of a (C57r3U6 xDBA/2)Fl mouse pfeimmumred 

with a synthetic lipopeptlde vaccine 8 containing NP3B5-380 according to 

the protocol used to produce HASI. LS9 efficiently lyses a4 cells infected 

252 



Fraction no. fraction no. 

with A/PP/8/34, hut not Infected P815-TR cells. Another Derestricted CTI 
line produced by immunization in vivo with virus showed recognition patterns 
of both natural and synthetic peptides identical to that of lsb (not shown. 
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restricted CTL did not recognize any Traction from P815-TR. 
extracts, whereas ^-restricted CTL recognized fraction 24 from 
infected, but not from uninfected PS15-TR cells (Fig. \e-h). We 
conclude that naturally processed viral peptides exist, that they 
can be isolated from infected cells by acid elution, and that 
these peptides are involved in the MHC class I-rcstricted anti- 
gen-processing pathway, as suggested by their MHC depen- 
dency. The latter also excludes the possibility that the isolated 
peptides are artefacts produced during the extraction procedure. 
Because EL4 and P815-TR cells differ not only at MHC genes, 
the present data do not prove MHC dependency of processing 
('processing' here means not only the cutting of proteins, but 
also the further fate of the degradation products). By use of 
MHC- recombinant and mutant mice, however, we have shown 
for minor histocompatibility antigens that the outcome of pro- 
cessing is dependent on MHC class I molecules 4 . 

For their molecular identification, the biochemical behaviour 
of naturally processed peptides was compared with that of the 
corresponding synthetic peptides. Figure 2a, b shows revcrsed- 
phase HPLC profies of preparations of synthetic peptides 
NP147-1S8 (TYQRTRALVRTO (single-letter amino-acid 
code)) and NP365-380 (IASNENMETMESSTLB), respec- 
tively. Recognition of individual fractions by the respective CTL 
is shown in Fig. 2c, d. Not only the main products were recog- 
nized, but also some byproducts of lower M t (such byproducts 
in small amounts are common to crude synthetic peptide prepar- 
ations). This result is consistent with reports that CTL may 
recognize shorter peptides as well, and sometimes much better 
than the above peptides (for example, NP366-379) 1 * At higher 
dilution of fractions, Derestricted CTL failed to recognize the 
main peak, but etill recognized some other fractions, which 
contained small to undetectable (according to absorbance at 
220 nm) amounts of peptide (Pig. 2/). Incidentally, both crude 
synthetic peptide preparations NP147-1S8 and NP365-380 con- 
tained other peptides of smaller size, which coeluted exactly 
with the respective natural peptide (Fig. 2e,/). Thus, the 
naturally processed virus peptides in both cases are different, 



most likely smaller, than the respective synthetic peptides repor- 
ted to contain CTL epitopes. Both natural peptides are recogn- 
ized in a concentration-dependent and MHC class I-rcstricted 
manner (Pig. 3a, d). The shorter synthetic by-products coeluting 
with the natural peptides, again in both cases, are recognized 
much better than are the nominal synthetic peptides (Fig. 36, e). 
A truncated peptide in the crude synthetic NP147-158 prepar- 
ation coeluting with the natural peptide was determined by ion 
spray mass spectrometry to be TYQRTRALV. A subsequently 
synthesized peptide according to this sequence (NP147-155) 
coeluted with the natural peptide (not shown) and was indeed 
recognized (used as crude material) much better than NP147- 
158 (F1H.3C), about as well as is TYQRTRALVTG (missing R 
at position 156) which is recognized 1,000-fold better than 
NP147-158 (ref. 6; Fig. 3c). Thus the natural IC-rcstricted CTL 
epitope of influenza NP is likely to be TYQRTRALV. Under 
this assumption, comparison of the titration curves in Fig. 3 a, b, c 
allows the calculation of the upper limit of peptide molecules 
extracted per infected cell to be 1,000. By similar analysis the 
natural Derestricted peptide coeluted with ASNENMETM 
(NP366-374), which is recognized 1,000 times better than 
I ASNENMETM ESSTLE (manuscript in preparation). Thus, a 
previously identified optimal Derestricted NP peptide (NP366- 
379) happens to share its N-terminai amino acid residue with 
the natural peptide'. 

Together our experiments show that virus-infected cells pro- 
duce small peptides from Viral proteins which arc recognized 
by MHC class I-restricted CTL, thereby directly confirming the 
overwhelming evidence provided by MHC crystallography and 
by experiments with synthetic peptides and truncated genes'- 2 - 7 . 
The data also Indicate that the use of synthetic peptides to 
identify T-ceil epitopes may be misleading, as very minor 
byproducts may be responsible for much of the biological cfiect 
The results in this and in a previous paper on naturally 
processed minor histocompatibility peptides" show two features 
of MHC class I-restricted antigen presentation. First, a cell 
produces and maintains exactly one peptide presented to a given 



FIG. 2 Naturally processed influenza virus-derived 
CTL epitopes coelute with synthetic peptides, a, 
Revarsed-phBse HPLC (at higher resolution as in 
Fig.l) elution profiles (solid lines) of synthetic 
peptide preparations according to NP147-158 (e) 
or NP36S-380 (t>). Dashed lines, percentage of 
acetonitrile In the gradient c Recognition of HPLC 
fractions (diluted 1:2.500) of the NP147-158 pre- 
paration by K'-restricted CTL HAS) (♦) or without 
CTL (©) using P815 as target cells, ot recognition 
of fractions of the synthetic NP365-380 prepar- 
ation at same dilution by Derestricted CTLLS9 
(•) or without CTL (O) using EL4 as target cells, 
e. Recognition of NP147-158 fractions (diluted 
1:62,500) (♦) and of rechromatographed natural 
^-restricted peptide (fraction 24 of fig. If, n) (T) 
by HASI CTL f, Recognition of NP365-380 frac- 
tions (diluted 1:62.500) (•) and of rechromato- 
araphed natural Derestricted peptide (fraction 22 
of Fig. lb,(/)(A)by LS9CTL 
METHODS. Peptides were synthesized as 
described 8 . Peptide preparations (400 ^g of each) 
ware shromatographed on the same reversed- 
phase H>LC column as In Fig. 1, using conditions 
yielding higher resolution (slower Increase of 
acetonitrile concentration). Flow rate. 1 ml min" 1 : 
fraction size, 0.5 ml. The main peaks In a and 6 
Were confirmed by ion-spray tandem-mass-spee. 
trometry to be identical with the nominal peptide 
sequences, respectively. The fractions identified 
as naturally processed viral antigens in Fig, 1 were 
rechromatographed using exactly the same condi- 
tions as for the synthetic peptide preparations. 
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fig 3 Titration ol natural and synthetic 
oeptldfl fractions, ft Natural K - 
& NP peptide fraction: lot 
' , / m luuB tested n titrateo con- 

calls. No Killing of EL4 
class l-restricted recognition, ft 
£rfor* of F* ,2a 
the main synthetic peptide peaK 
CTYQRTRALVRTG; 30.5-31.0 rnl elution 
volume) (-) and the truncated peptide 
(TYQRTRALV aecordlnR to tandern- 
m^wectrometrle analysis) 
ina with the natural peptide (35.5- 
3l.0rnl)l--)wer e t eS ted!nWrat B d 
dilution steps for recognition by 
HAS1 CTl. Note the difference between 
the peptide concentrations of the two 
samolea. as evident from *heir absorp- 
£n values In Fig. 2a ft Crude batches 

of synthetic peptide preparations 

TYQRTRALV (--) (synthesized on a fully 

automated simultaneous multiple pep- 

Ode s,nthesiier; Zinsser Analytics 

model 350)" and TYQHTRALVTG (-) 
R « PO^on 1B6J- were 

tested in 10-fold dilution steps for rec- 
ognition by HASICTL « Natural D - 

restricted NP peptide (fraction 22 of 

Fig. 10, dl was titrated into a CTL assay 

PTL. as shown by elution of the natural peptide as a single 
activity peak on reversed-phase HPLC profiles. Second, 
t^2 S P or 8 endo Een o„ 8 pjteins seem, W b e dependen 
xyfur* rlji« I molecules, as discussed in ref. 4. A oataoase 
"S«s of naturally processed pepdde* 
should allow insight into the specificity ofthe proteases Reived 
and further our knowledge about the rules or peptide-MHC 

,B Tho e !dU 'elution method for isolation of naturally Passed 
T-cell epitopes in combination with peptide chemistry includmg 
mghly s'emitive analytical tools such as HPLC and capiHary- 
zone electrophoresis combined with ion-spray tendem-mass- 
'pectromctry should provide •^B^* - "P? 
access to the peptide sequences of processed pathogen-derived 
antigens and has impact on synthct.c vacc.ne des.gr,; the 
efficiency of synthetic peptide vaccines for CTL activation 
could be improved further by using exactly the peptide Produced 
by the infeaed cells. On the other hand, knowing exactly -which 
peptide is printed naturally to a given T cell cou id help n 
The design of prophylactic or therapeutic measures for T cell- 
mediated autoimmune diseases" 1 . u 



e second truncated, hyper-reacuve peptide WMgaBnn l- ■) 
so in 10-fold dilution Steps for recogniton by LS9 CTL, 



Three-dimensional structure of an 
idiotope-anti-idiotope complex 
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Serologically detected antigenic determinants unique to an 
,Xd?or B ro»t [ef-ntlbodies^ are called Wotop^JTie ««■■ 
o?ld "otopes of an antibody constitute its "Wf^ 0 *?**™ 
been Intensively atudied following a I ^thesis [ 0I J h ^l^. 
Hon of the immune system throufjb a network * ^j*™* 
tdiotype interactions-. Furthermore, a * f»«een and aDt^dlotypes 
can competitively bind to idiotype-poritive, antigen-specific ^ 
hndies. anti-idlotype* may carry an 'Internal Image' of the external 
aSn £ «fs ^o^JlVw 8 ), Here we describe the structure 
„ fSTSS between the monoclonal ^WMOU 
and the snti-idlotopic F»bE225 »t ( 2.5 A , rasolut on. Thte complex 
defines a private Idiotope emulating of 13 amlno-acld residues, 
mainly Trim the complementartty-determlnmg regions of Dl J. 
Se T e7of these residue? make contacts with the "tig.* 
a significant overlap between idiotope and aB Kgen-combInlng s ite 
JdloWpie mimicry of the external antigen Is not achieved at the 

molecular level in this example. , 

The crystal structure of the jdiotope-anti-idiotope complex 
FabD1.3 FabE225 (rcf. II) shows the two Fab* roughly aligned 
along their major lengths, interacting largely 'through ; th«rcom. 
plemcntarity-determining reg ons (CDRs I (Fir- »«)■ 
Residues from the six CDRs of E225, together with s f'«n«work 
residue of V L , contribute to interatomic contacts with the 
U otope Table 1). In turn, five CDRs and one V L framework 
loop contribute 13 residues to the idiotope of DU ««>|nIZ6d 
by E225 (Table 2). FabE22S is centred on V L of FabDl 3 such 
that nine residues or the idiotope ate located on this domain 
NATURE • VOL 348 ■ 15 NOVEMBER 19SC 
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MHC molecules as peptide receptors 

Hans-Georg Rammeosee, Kirsten Falk and Olaf Rotzschke 

Max-Planck-lnstitut fur Diologie, Tubingen, Germany 

The central unit for regulation r>r the specific immune system is a 
trimoleculnr complex made up nt the T i:ell antigen receptor, the MHC 
molecule, and the MHC ligand. The third component is n peptide derived as 
a degradation product from n protein. Dunn;; recent years there lias been 
some progress in understanding the interaction between MHC molecules 
and their peptide lig.nxls: MHC molecules are peptide receptors of peculiar 
specificity, being able to accomodate millions of different peptides provided 



Current Opinion in Immunology 5: 'JV-14 



Introduction 



The function of MlIC molecules is to collect peptides in 
side the cell anil transport them to the cell surface, where 
they can lx- surveyed by T cells. The interaction between 
T eell receptor (TCK), MHC molecule and the |xptide 
presented by the MHC molecule Ls central to self/non 
self discrimination, that is, to the main theme of ihe im- 
mune system. The purj5o.se of this review is to discuss 
the relationship between MHC molecules and their nam 
ral peptide ligands, with special emphasis on MlfC c lass 
I molecules, because more is known about these than 
class II molecules. 



Two classes of MHC molecules 



Most of the human MlIC genes are encoded on chromo- 
some 0; those of the mouse are on chromosome 1? [J |. 
Each species has dozens of MHC loci, some of which 
eotmiin pseudogeiles. Souk- of the MHC genes are ex- 
tremely polymorphic. Klein |2| distinguished two classes 
of MHC genes, class I and class II. :i distinction that well 
:inticipated the different physiological I'tinctinns of the re- 
spective gene products. MHC class I molec ules are made 
up of a heavy chain, comprising about j«a) amino acids, 
and a light chain, comprising about KXI amino acids. The' 
latter is also known as pj-microglolnilin. There are about 
30 oO MHC class I loci in die mouse and at least r in the 
human, incluiling pseudogenes 1 l,3j. Most of this rcview 
wili deal with only Ihe of them, that is, HIA A and II. and 
H-2K. D, and L MHC class II molecules are made up of 
an a-ehain, comprising about 200 amino acids, anil a (1 
cluu'n of" about the same size. There ate alxmt six x loci 
and 10 p loci for class II genes in the human and at least 
lour t and three P loci in the mouse [l.ft, ibis rcview 



will only deal with HIA UK, I1-2A ami II 2V. molecules. 
Although MlIC class I and class II molecules have mam 
features In common, rhciiTunciioii isquite different. Both 
classes will therefore lie treated separately. 



MHC class I molecules 



Structure of class I molecules 

The hea\y chain consists of three extracellular domains, 
otl, a.1, and a.1. a transmembrane region |,snmc non-clas- 
sical . lass I molecules, however, are give, isyl phi isphatkM 
inositol (Gl'l) anchored I and a cytoplasmic tail at the 
carhoxyl lemiinus. The lierhc chain. \\Z -microglobulin, 
is non cmalenily attached to the heavy chain. Both al 
and rj2 domains form a peptide ac commodating grrxive. 
as revealed In X ray crystallography of an A2 crystal bv 
ltjorkman aad colle:igues in IW7 [ Tliegrcxive is l.xir 
dered by two a helices; the lloor i.s a P pleatecl sheet. The 
area of the groow i.s about 1 x 2.^ nm. The peptide ap- 
pears to be an integral parr of tlx- protein complex, 
since empty class 1 molecules are thought to be rather 
unstable K|. The peptide, which is generally between 
eight and 1 1 amino acids long, is tightly mounted in the 
groove in an extended configuration and certainly not 
as an a helix |9',I0MI ISj. Uuth amino and carboxvl 
termini of the peptide are tightly bound via II bonds 
by ennseivcd residues. In atlditkm. two side chains of 
residues at particular positions u f the peptide, one at 
the carhoxyl terminus, the other elsewhere, depending 
on the MlIC allele, are held by allelespccilic pockets 
of the groove | 1 >.I0', I I--IK). Monopeptidic crystals in- 
dicated that the spatial ilistance hetween the peptide's 
amino and carhoxyl termini is constant, whereas the 
tuimljer of ;tmino at ids is not: [fie l!->K b molecule, for 
example, can accomodate « liters in a stretched configu- 
ration, and also M iners with a kink in the middle 



Abbreviations 

iHukocyte-.iss.,. iated AntiRen; MHC major histocompatibility . ..implex: TCR i-cefl m eptor; TFA tr.n.aim.icn.c jckI 
VSV-vesicul.irs.„.,,.u,t, S virus 
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The induction of kinks may be promoted by proline or 
glycine residues of the peptide [\6]. for many class I 
molecules, such as H 2K^>, H-2K 1 ', and MLA-A2, the vast 
•majority of natural peptide ligands ; irc of uniform length 
(8 mere for H 2K h and 11 mers for m;my others) 1 16). For 
other class I m> >!«.'. -tiles, such as H1A A1 1 -and 1 1LA-A3I , it 
seems ihs.it they can accommodate peptides comprising 
eight to I 1 amino acid residues, with a fixed carboxyl 
i.rmiiuis (charged for HLAA1 J ) (K Falk, O Kotzschke, 
, M T-.ikiguchi el «/., unpublished data). It seems, there 
, Vore. that the peptide backbone can bend more or less, to 
'accomodate a different number of amino acids between 
the fixed MHC sites binding peptide amino and carboxyl 
termini as recently visulalized by X-ray crystallography of 
Aiv-68 molecules and associated peptides ( 19]. 



Technical approaches for isolating natural MHC class I 

Peptides can be dissociated from class I molecules 
by treatment with acid | triHuoroaceUc -acid (TFA), or 
acetic acid] [ l6,20-23,24-,25-27). Peptide loaded class 
I molecules need not be purified to undergo such treat- 
ment; treatment of whole cell lysate with TFA brings the 
peptides into solution, which can then be detected by 
the respective T cells [20|. This was the approach used 
for die first isolation of minor histocompatibility antigens 
as well as virus-derived peptides from cells 1 20-22], Acid 
extraction of whole cells has die advantage of yielding 
not only MHC bound peptides but also other peptides, 
for example potential intermediates of the processing 
pathway [21,22,24»,25|. The disadvantages are diat one 
needs specific T cells to detect the peptides of interest, 
and that the resulting material Is generally too com- 
plex for sequencing (although there is one exception 
[251 ). If the MHC molecules are first purified and then 
acid extraction of peptides applied, the resulting pep- 
tide mixtures are much purer and they lend themselves 
more readily to further isolation and sequence analysis 
[16,23,28,29",30-,3K32]. 



Allele-specific peptide motifs 

One of the first natural class I ligands to be identified 
was Thr-Tyr-Gln-Arg-Thr-Arg-AlaLeu-Val from influenza 
nucleoprotein [22,33). This peptide is presented by 
H-2K cl molecules of infected cells. The tyrosine residue 
of several synthetic peptides is known to be important for 
binding to H-2K U , as well as an alanine or leucine about 
eight or nine residues from the tyrosine [34,35]. Com- 
parison of Thr-Tyr Gln-Arg-Thr-Arg-AlaLeu-Val with the 
H-2K<"-binding synthetic peptides (all being longer than 
nine amino acids) suggested that all natural H-2K d ligands 
might be nonamers with a tyrosine residue at position 2 
and some aliphatic residue at position 9 [33]. We con- 
sidered then that an obvious experiment would be to se- 
quence all the H-2K U ligands as a mixture to see whether 
the hypothesis was correct [l6]. Indeed, pool sequencing 
of H-2K d eluted peptides gave a strong tyrosine signal at 
position 2, isoleucine and leucine at position 9, and lack 



of significant signals at position 10. I'ool sequencing of 
peptides eluted from other MHC class I molecules indi- 
cated that each MHC allelic product has its own individual 
rules for peptide ligands in must c ases with determined 
peptide length and with two positions within the peptide 
of conserved occupancy, railed anchor positions. The in 
formation obtained in this way is summarized as peptide 
motif [:i6(. Such motifs can also be deiemiincd by com- 
paring many individual peptide ligands |2«|. In the case 
of 1-1-2K 1 ', a motif based on binding of synthetic |X-ptidc.s 
was found to be essentially identical to the basic motif 
based on natural ligands |3o|- The basic motifs of some 
class I alleles are shown in Table J. In addition lo the 
basic motif information, i.e. allele specific length, anchor 
position and occupancy, the different motifs have more 
subtle characteristics, such as preferential use of certain 
residues at certain positions; for example. HIA A2 ligands 
have a preference tor valine, Isoleucine, leucine i >r alanine 
at position 6, and H-2K.' 1 ligands prefer tyrosine at po 
sition 3 |l6]. Such positions haw been called auxiliary 
anchors. 11* one attempts to use the allelespeeilie pep- 
tide motifs for the prediction of natural T cell epitopes 
|37|, as has already been done .successfully |3H\.W*]. 
one should consider the more subtle preferences as well. 



I the iniiiviriu.il nitilifs Iwvc twin omttttKl im clarity. 
Predominant iisagv i>< Ar|« »r l.ys 
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ichor 



auxiliary anchors are thought to be held by the allele 
specific pockets of the MHC class I peptide binding 
groove. Tlie remaining residues of the peptide ('point 
ing up') should then Ix: available for contact with the 
TCK [9\10Ml-18.-iQ-<i6]. 
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Natural MHC class I ligands 

The first three niuunil MHC clans I ligands were identified 
in 1991) 1 22,23 1 . All were of viral origin, and the appn >ach 
used was to compare in T-ccll assays the natural MI IC 
ligand with synthetic peptides: in the case of the II 
2K h -restricted vesicular stomatitis virus (VSV) peptide 
Arg-Gly-Tyr-Val Tyr Gin Gly leu, ihe natural ligand, i,so 
lated hy high performance liquid chromatography, was 
partially sequenced. In these instances, knowledge of the 
viral protein sequence from which the peptides were de- 
rived was mandatory tor identification. These and similar 
experiments also showed that exact peptide length (of 
synthetic peptides to he tested) is important for optimal 
Tcell recognition, since adding or removing one residue 
from the natural peptide size can decrease T cell rectig 
nition (and MJ IC: -binding) by several logs l33.3-i.-i7 -iv|. 

In 1991 the lirst natural MIIC ligand was sequenced 
directly In the absence of Information on the pro 
tcin from which it originated ||6|. It was found later 
tllat this |X.'ptidc, the H-2K l, ligaild Scr 'lYr I'he I'ro 
Glu Ile-'I'hr I lis-lle. is derived from the protein tyro 
sine kinase JAKI |St)| (A Wilks i>i ,//., unpublished 
data). Since then, the number of natural MIIC lig- 
ands that haw heen characterized is growing exponen- 
tially |2-K2S-2H,29^3(^3K39-31Vi2,S3|. Most ligands 
km)\vn to dale are self peptides, i.e. peptides dcrrved 
from normal cellular proteins, representing tlte physio 
logical MIIC class I ligands. These come from all kinds 
of proteins synthesized in the cell and include proteins 
like histories, heat shock proteins, enzymes and so on. 
Relatively few natural class I ligands derived from foreign 
proteins, e.g. from pathogens, have heen kJcntilied since 
1990 although the allele specific peptide too 

til's combined with T cell recognition data of synthetic 
peptides, and sometimes |x:ptide hinding experiments, 
allowed the prediction of a large number of candidates 
for natural ligands (.reviewed in |s2| ). .Some examples of 
endogenous, as well as foreign peptides, naturally found 
associated with class I (or claw II) molecules are listed 
in Tahle 2. 



A technical development gie.illj mipining direct se- 
quencing of Ml IC edited peptides was the us. 1 if tandem 
mass spectroscopy [29"|- "litis tin Imiqttc is nk.--.illy suited 
to dissect the thousands of different peptides clmcd fniin 
a given MIIC molecule, to obtain sequence information 
on individual peptides of relatiwly higjt ahttiulance and 
to roughly estimate |xptide complexity. Still a technical 
challenge, hi iwever, is to directly identity the peptide anti- 
gen recognized hy a giwn T cell, if tin- origin of the |X?p 
tide is unknown, as is the case, lor example, for minor 
histocompatibility or tumor associated antigens (the for- 
mer are peptides derived from nonnal self proteins that 
can he recognized hy foreign T cells). One of the reasons 
is the relatively low ahtindance ( l(K)-KK) copies per cell ) 
of most natural class I ligands as recognized hy T cells 
of inimunologk-al interest I3.1.3H-.S1-.S3J. 



Processing of MHC class I ligands 

It is not known where and how MHC class I ligands arc 
processed. Most peptides ap|x-.ir to lx- dcgradatii to prod 
iters of proteins, although .some alternatives have heen 
discussed |S-i S(i|. Many proteins donating peptkles to 
class I molecules are located in thceytosol. and proteins 
artificially loaded into ihecyinsoJ can yield class l lij-ancls 
|t7-S9|. In addition, however, probably till proteins syn- 
thesized in a cell, including those in the mitochondria 
| ft 1,6 1 1, can supply class I ligands. The following is a 
widely held view lor class I restricted processing: pro 
teasomes cut cytosollc proteins into peptides, and prod- 
ucts of Tn/tl and 7if/iJ genes transport these peptides 
across the endoplasmic reticulum membrane where they 
bind to MHC class I molecules, "litis inodLi however, 
is still s|X'Citlative regarding the postulated function of 
TAP molecules |02 <>t| and fails to lake into account 
the observed Ml IC dependency < if ixptidc < iccurrence in 
celts |21,22,2 f3l',(o.(i(>»,()7.(iH|. (for example, the male 
specific II V peptide, reci "glti/ed by I 121 )'• restricted T 
cells, is apparently absent from nutlc cells not expressing 
1 1 21)'') [21 1 With regard to this aspect, and on account 
of tin' structural feature's ul the consensus motifs, we 
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speculated that the MHC itself might have :m instruc- 
tive role In peptide processing, in that larger peptide 
precursors, cut by conserved ertdopepridases (protea- 
somes?), would first bind in MHC molecules and then 
be trimmed to the finnl size specific for the particular 
MHC allele [16 ?! |. Trimming of a leader peptide, pn>b- 
ably in rl>.- iidoplasmic reticulum, is suggested by the 
presence of longer peptides in addition to the core non 
muer bound to HIA-A2-motecules -|29"J0«31']. Our 
spcculau'vc model would also explain the fact that in 
all human tissues and mouse strains examined, ceils are 
able to process die veiy same peptides for one particu- 
lar class I molecule, H-2K h |21,24°,65,66* ,67,681. If one 
assumes, according to the odier, more popular, model 
that tile final peptide is produced before its first contact 
with the MHC molecule, all cells in a white mouse, for 
example, should constantly produce all the tens of thou- 
sands of MHC class I ligands not only for all the black, 
brawn and other members of the species but also for 
all other mammals [69]. In addition, this high number 
of potential ligands should Iwve an extremely short half 
life, since so far they have not been detected, in spite of 
thorough experimental attempts 166'). 

The pathway of class i restricted processing is certainly 
an area attracting much attention at present. Particularly 
interesting molecules are the Tapl and 7fl/j_'gene prod- 
ucts, proteasomes, and other potential transacting ele- 
ments [70]. TAPs are essential for proper antigen pro- 
cessing; their exact function, however, is not known. It 
is known that class 1 molecules are peptide transporters 
(from the endoplasmic reticulum to the cell surface) but 
it is not known whether TAPs also transport peptides. 



Considerations on the role of MHC class I molecules 

Peptide selection on the cell surface of peptides derived 
from cellular proteins provides die immune system with 
the means to control the cell's interior. For a given in- 
dividual, dlis control covers only a small portion of the 
expressed genome. Each individual in an outbreri pop 
ulation (man or mouse) expresses four to six different 
class I molecules. Each molecule species can present an 
estimated 1000 different peptides on a cell [29*33,69]; 
since the peptide .specificities arc different, depending on 
the class 1 allele, each molecule species presents a dif- 
ferent set of peptides. The peptide selectivity- of a given 
class 1 molecule is such that about 1 per cent of random 
(nona-) peptides fit to it (33). Thus, only about 4-6 per 
cent of dte expressed genomic sequences lit into class 
1 molecules in an individual but due to MHC polymor- 
phism, a much higher percentage of these sequences fit 
to the various class I molecules expressed in an entire 
species. During their ontogeny, T cells are made tolerant 
[71,72] to those self peptides that are actually presented 
by MHC molecules, but T cells are not tolerant to the re- 
maining 95 per cent of self protein sequences [68,73,74]. 
Although not .sufficient to control for every point muta- 
tion in the expressed genome, this system is sufficient 
to report the occurrence of new (non-self) gene prod- 
ucts on the cell surface, since about one peptide (1 per 
cent) fitting into a particular class I molecule should be 



present within a pnnein sequence of 100 amino acids. 
Thus, T cells have a chance to detect cells expressing 
genes from invading viruses or other organisms with 
cytosolic parasitism. In addition, the system should al- 
low the detection of proteins not usually expressed 
(and, therefore, not inducing tolerance) such as genes 
normally involved in embryonic development that are 
aberrantly expressed in malignant cells [ 75-79 1. Normal 
proteins expressed at unusual abundancy might also he 
detectable by T cells, since they can detect quantitative 
differences in the peptide copy number presented by 
cells [51*]. Thus, the .system of class I restricted pep- 
tide presentation and class 1 restricted 1 cells is able 
to efficiently control intracellular viral and certain other 
(cytosolic) parasites !39\rt0-«2], ;tnd should also have 
some control on malignancies [75-79]. 
Could die system be more efficient if the cell would 
present only the foreign peptides? Yes, indeed, but the 
cell cannot distinguish self from non-sell; the immune 
system had to evolve a sophisticated system for this chal- 
lenge, consisting of many cells, tissues, and organs, most 
notably the thymus anil lymphocytes. 



Class II 



Structure of class II 

It is believed that class II a and P domains form a gmove 
that Is similar to that formed by the the ctl and a.2 do 
mains of class 1 molecules [H3,H4]. This notion has been 
derived from modeling the class II sequence according to 
class I crysrallograpbie data |i), since a phoiograph of a 
class II crystal has been taken [K5*| but no X-ray crys- 
tallography has been reported yet. Prom the nature of 
natural peptide ligands of class II molecules reported 
since 1991 [K6«,H7,R«',»9-92|, it can be deduced that 
there must be certain differences in the peptide hold 
ing groove compared with that of class I molecules. The 
most notable difference is that the ends of the groove 
appear to be open, thai is, to allow overhanging of both 
amino and carboxyl termini of bound peptides, '(lie latter 
are probably in an extended conformation rather than in 



Natural ligands of class II molecules 

Our knowledge of class II physiology wis more advanced 
than that of class I physiology for many years. T helper 
cells were lirst found to be MHC class II restricted in their 
interactions with B cells two years before MHC class 1 re- 
striction of cytotoxic T cells was demonstrated in 197-1. 
The first naturally processed MHC ligands were also 
eluled from ckiss II molecules, although they were not 
identified [93]. Our understanding of class I molecules 
surpassed that of class II with the X-ray crystallographic 
study of class I structure in 1987 |4) and with the iden- 
tification of natural ligands in 1990 |22,23). 
The first natural MHC class 11 ligands to be identified were 
cluted from mouse Il-2A h and H-2E b molecules [KS'|. 
These peptides were between 12 and 1H amino acids 
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long; the carhoxyl terminus appeared it> be ragged', i.e. 
peptides wiili a given core sct|iience could lie extended 
at the carhoxyl terminus to give IS . 16 , 17-, or IK mers. 
Again, (he- use of tandem mass spectrometry provided a 
boost lor the identification of naturally processed class 
II ligands |HH*|. Use or this technique allowed the de- 
leetlon ol' up to 2(X)l) different liquids on a single class 
I! species, I-I-2A 11 , although only the 12 most abundant 
ones have been sequenced. To dale, information is pub 
lished on H-2A'\ f:'\ -A«-'. -A-\ -A*, and IIIA DRI peptide 
ligands, ivprescnting some 40 natural [xptides. some of 
which ail! indicated' in Table I |KCv,K7,HK»,N9-y2]. 

both i Ik- amino and carhoxyl termini are rained; their 
length can vary between 12 and 2S residues, with the 
majority apparently around IS amino acids. I-'or Tccll 
recognition, the length of the peptide seems to matter 
little, as long as a certain core is maintained | l >1, l >2|. 



Allele-specific peptide motifs? 

The sequencing of the first 13 natural M1IC class II lig 
rinds (from K-2A'» anil I-I-2F. 1 ' molecules) did not indi- 
cate any ohvious motifs !«()•]• Subsequent studies on 
the II most abundant II 2A 1 ' associated peptides in- 
dicated ihat pepiide binding motifs established earlier 



using synthetic peptides !y-i,9S| were contained within 
the natural ligands that associate with II 2A>' |HH*|. Simi 
hilly, HIA-DRI eluled |x>|>tides were aligned i<> conform 
to a motif of three anchor-like positions |9<>l; this mo 
Uf, however, did not exactly con f< irm to 111A-DU binding 
motifs established with synthetic peptides iny.yh 102 j. 
Common to all studies analyzing natural class 11 ligands 
is the ragged end of peptides; ttv.tt is, peptides contain 
ing a given core sequence were I'ound in various lengths, 
with extensions both at ihe amino anil carhoxyl termini. 
Thus, there appear to be allele spec ilk peptide motifs In 
class II ligands. although the motifs are not as ohvious as 
with class I ligands, and the anchor- like positions may 
allow a broader spectrum tlian in the case of class I 
molecules. Although ciystalli igraphy studies on class II 
molecules have not Ixvii re|xirled yet, the information 
on cltuss II restricted peptiiles suggests that allele specilic 
pockets will also be found in the groove, and that both 
ends of the groove are open' to allow overhanging of 
peptides at Ivith sides, explaining the different length of 
peptide ligands. This is illustrated in Hg. I. 



Most class II ligands arc ol endogenous origin 

It is a widely held mlsconecpl that class II molecules 
predominantly present peptides from exogenous ami 




Fig. 1. A simnlifivrl view ol MHi: d.l* 
I ami II niolei uli* .is peptide rnqi- 

..( i-iuhl m 11 amira. a< icl> Jih' hc.lh 
amino and < arhoxyl li'imiiii tightly fixed 
in ihrgroovi-. Two. sick- 1 1 Mins in am hot 
residues of tin- peptide arc promid- 
inn lr,t " complementary ."lllolo-specifit 
pin krts of the groove. Class II liquids, 
consisting ol Ml't iCMduev an- pmba- 
hly also held in tin- groove bv anchor- 

Kmiplfim-ntary structures the class II 
nr.iov.' In contrast to f!.»s> I. however, 
both peptide ends ate not fixed in the 
groove hut arc; albwctl to hang out oi 
the end of the groove. 
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gens, i.e. from antigens taken up by the antigen-pre- 
senting cell. As can be seen from the list of known 
natural class II ligands \8Ci',(V,>3X'JtV-V2\, most are ac- 
tually endogenous to the cell. Peptides are derived froin 
other MHC or Ml IC associated molecules, e.g. H1A-A2, II 
2A or E, from the invariant chain, retroviral protein, or 
the transferrin receptor. In addition to these endogenous 
peptides, foreign peptides are also found, e.g. peptides 
derived from bovine .serum albumin present: in the oil 
ture medium used to propagate the cell line |86|, or pep 
tides derived from antigen deliberately fed' to the cells 
In high concentration, such as hen egg white lysozynie 
[92|. Common to most of the proteins donating peptides 
to class U molecules is their potential to occur in the en- 
dosomal/lysosomal compartment of the cell, no matter 
whether this is achieved by phagocytosis of exogenous 
proteins, or by directing endogenous molecules into this 
compartment. 

Thus, class II molecules predominantly present peptides 
derived from proteins occurring In, or directed to, the 
endosomal/lysosomal compartment of the cell, whereas 
MHC class I molecules can present peptides derived from 
all the proteins synthesized in a cell. 



How do the cells process the peptides? 

MHC class II ligunds are probably produced by lyso- 
somal enzymes (reviewed in [103)1. Several enzymes, 
among them cathepsln D. are involved, as indicated by 
the different sensitivity of particular ligands to protease 
inhibitors (reviewed in [104] ). It is not known, however, 
whether the lysosomal enzymes produce the final size lig- 
unds before binding to class II molecules, or whether 
die ligand is trimmed after binding, with protection of 
the peptide core sitting in the groove ('detenninant pro- 
tection') 11051. The ragged ends of class II ligands may 
suggest limited action of exoix-ptidases on the ligands 
after binding. 

Why are MHC class II molecules not flooded with ligands 
in the endoplasmic reticulum, where they are assem- 
bled, as are class ] molecules? One reason for this is 
die blocking of the peptide binding site by the invari- 
ant chain. Only after removal of the latter in the endoso- 
mal/lysosomal compartment do the peptides have access 
to the class II cleft [106]. 



T cell function and MHC class II molecules 

The function of class II restricted Cf>i + T cells is 
twofold: firstly, they 'help' other antigen-specific lympho- 
cytes (B cells and other T cells ) to differentiate and to be- 
come activated; and secondly they attack foreign antigen 
presented by MHC class 11 positive cells, either directly 
or by activation of non-specific cells like macrophages 
or granulocytes. Both functions are mediated and regu- 
lated by differential cytokine production [107]. For the 
interaction between T helper cells and B cells, the re- 



quirement for the T cells to recognize the class II ligand 
on U cells forces close contact between the T cell and 
the D cell recognizing the same antigen and allows di- i 
ret ted delivery of cytokines. The epitopes recognized by 
the TCK. however, are usually not the same as the anti- 
body epitopes. 

In addition to positive immune responses, recognition by 
T cells of peptide ligands associated with MI IC molecules 
may also lead to tolerance, not only in the thymus or dur- 
ing T-cell ontogeny. Resting 11 cells, for example, present 
ing antigen acquired by receptor mediated phagocytosis, 
have been hypothesized to induce anergy in mature '!' 
cells that recognize them |]0B.109|- This could be a 
mechanism for maintaining self tolerance in the mature 
T-cell compartment; the mechanism might also be used 
to Induce peptlcle-specific tolerance in T cells artificially. 



Concluding remarks 



Comparing the peptide receptor characteristics of MHC 
class 1 versus MHC class II molecules, two major differ- 
ences are evident (see also l-'ifi. II. First, the majority 
of peptide ligands of most class I molecules have a 
distinct length (eight or nine residues), depending on 
the allele, whereas MHC class II ligands may vary con- 
siderably, from 12-25 residues. The .second difference is 
regarding the peptide motifs. Class I molecules haw dis- 
tinguished allele-snecilic motifs which become obvious 
on aligning as few as nine or 10 natural ligands. and are 
easily accessible by pool sequencing of the total ligand 
mixture. Peptide motifs of class II molecules are not as 
obvious, especially if one looks at a few ligands only. Nev- 
ertheless, class II specific peptide motifs appear lo exist, 
and additional work is required to establish clear motifs 
for the different class 11 alleles. 

Knowledge of such motifs, for class I and class II 
molecules, is useful to predict natural T-cell epitopes. 
Other subjects of current and future interest include: 
lirstlv, the peptide specificities of HIA C. 1 1 10| and of 
non-classical class 1 molecules (in addition to the Qa > 
motif [ill] and the information on 1 1-2M3. which is spe- 
cific for N fin mylateil peptides |60,6l ] ). and also peptide 
specificity of HtA-DQ and H LA-OP molecules; secondly, 
the line dissection of the molecular interactions in the 
peptide-MHC-TCR relation (in particular, which atoms 
of ihe three molecules contact each other?); thirdly, the 
dissection of the processing pathways involved in pro- 
cessing of MHC ligands; and finally, the identification of 
IX'piides expressed on thymic epithelium and elucidation 
of their role in positive .selection. 

The detailed information of the peptide receptor function 
of MHC molecules, especially the structural features of 
their ligands. should be useful for applied immunology, 
including vaccine development, immunotherapy of malig- 
nant and infectious diseases, and prevention and therapy 
of autoimmune diseases. 



Copied from (iOfi /0i ■■ "- / on 0! > I > -■ • ✓>()() S 



MHC molecules as peptide receptors Kaininensce. Falk and Kcitzschke 41 



Acknowledgements 



We thank } Klein liir support and A Muhm liir prey 
manuscript. Our original work was Mippurk.il l>y Sonik'rfi 
hctekti 120, hy a grant In mi i|.e IhiiiJesmlnlsierliim liir I 
uml TixhDokJKic, ami by the U-ihni/. Pnigramiii of tlic 
liirscliiingsgemeinsdiiifl. 



ivcirk thai lev! n 



n-ssing lor Ml It: 



H.\mmi:nsi:i: ll~t;, )!.»; C, Molecular Modeling ut ihe Claw I 
Human Hisi<H.t>ntp»tibU(i>- Molecule HLA-II2 Pi-csLniinR an 
Allclc-snccllic Nimapcptlile from Influenza Matrix Protein. 
.MiMvnmiillc Ok-nih- hih-rntilhmtl lu/Unui i» Kiitfislt lyoj, 

Mai MX* DR. GokuaJC, SHtnuiMilll Jl, Winy 1X1: lire Three- 
dimensional Structure of IIIAH27 at 2.1 A Resolution Sug- 
gests a Central Mechanism for Tig!)! Peptide Binding ti, 



References and recommended reading 



iMorrr TPJ, Sai-i:ii MA, Hiiiumian l'|, SlHOMiNttfii ;i s \viij: 
.': Spcclliclty Pockets for the Side Chains ut Peptide Ant! 
us In MlA-AwfiR Kilmv IWV, mMJt Mi. 



icompiitihllity Complex < 



Characicrbutiitin 
patiblllly PcpikU 
210:2n.V 2HT 



e Cold. A'«/. 



j. 3-sfe-rc 



v. Onu 



i I. IUstin j, giMiiM.x || 
KaRki: K: A Mutant Cell in which Association of Class t 
Heavy ant! Light Chidns is Induced by Viral Peptides. <.'<*/ 
.\/i»7»/« /Ai/few .Sjv/r/i Quant /liW iytf->. 5.*:2«W 1l>K 
SotiiMAOim TNM, I H i vi i.-. M T. Ni l i lts II. Kast WM. Ml lJH 
C|M. Pioi iai HI. Direct Binding of Peptide m Kniptv MHC 
Class I Molecules on Intact Cells ami in 17/m (Vff IW, 
62:%.< 



X.I 1»H)1, r 

umi.m;i:kji. vnucv ix:. The s 



IA M. S1 



V II IV 



IA: Crystal Structures of Two V 
with Murine MHC Class I ll-2Kl>. 
MnnopcptkBc cn-sials IndiVaie lhat the linear distant 
amino ami earn, ml tcmiinl of |xptitk-s. as well as the 
(nation, is feted, -mi that ihr distance brtivml ihc aniir 
tennini ofHmeiMir "niers mounted in ihc ( I 2K*> nr.! 



PA. Win in 
Peptides in Complex 
12, 25?:"l<> >>2~. 



Principles 



•I. PKK.M.1 



l>ll, PtmisoN I'. Wast in IA: Kmc-tRing 
■ignition Antigens hv MHC Chess I 
>, 217:»r-5).M. 



JD Crysul Structure of the Major Histocompatibility Com- 
plex Class I H-2K b Molecule Containing a Single Vinil Pep- 
tide; Implications for Peptide Binding and T-cell Receptor 
Recognition. Pnx .Vurl Aaut Sci IS a 1992. 89:H-iai-K4(>7. 



■r. II C: Isolation and Analysis of Natu- 
rally Processed Vlr:i! Peptides as llccngnixcd hy Cvtotoxk- 
T Cells AWimv I'WI, MK;2'i2 2vi. 



Nature of Peptides Involved 111 T CZcM Allnrcactlvlty. / /iyi 

.\hll 171:111V) Hi-i. 

First i.s< »i.itt< >fi i>! n.aur.illv |m<i»<l p^aitlcs avugniwil bv alkiti-.iL livv 
T idls. 

HiiAKA K. IViismii-s n,l:M-N UN: A Naturally Occurring Pep- 
tide ItecognlM'd Ivy Allnrwctlvc CUH ' Cytotoxic T Lym- 
phocytes in Association with a Class I lYoicin. (x-// 1*12. 



Van IlirKKtiW, N.' 
I Molecules Dctc 



SlIIIIAIA K. IMAKAI M. VaMUKIK CrM, Jim i S. X\-niKNV<IN Sir 

Wsktilar Stomatitis vlnis Antigenic Ociapeptidc N\2-V) Is 
Anchored into the CriKn-e ol the I1-2K(I1) Molecule hy 
the Side-chains o( .1 Amino-acids and the Main-chain 
Atoms of ilw Amini) Terminus. /'n«' AV/rf ^livi</ .Wi I SA 
P»2. IWr3I.«..«I.S'l. 

lAHIll-ITKY TS. I.VM: VCS, NtWtNStlN HA. M.UllWN OR. WIU V IK. 
Idcntiiieatlnn tir Seir Peptides Botind to IMriljcd illvV-B27. 
AVlH/iv I'WI. M:f>t\ }2'J. 

Hint l)H. IlKNtnieiii R\. ShmiaSiwiiv J. nakai.iuii K. 
Mn.iti:i li. seam N. a« ,\L mm* i- tiNtt«uuM> VI fc 
Characterization of Peptides Hound to the Class 1 MHC 
Molecule HIA-A2.1 hy Mass Spcct 



Mass S[Kiir(iirtetry is used liirdeicciiMn ;uh! Mxpiem-inH ■ if Mil 
peptides. A ietlini(|Uv Willi great poicnii.il: tlie omiing >\-jis 
large databases of iuitir.il MIIC ligands. 



Copied from £)0f)/0bS/ on 09 y '8/^00 S 



42 Antigen recognition 



30. HENDERSON KA, MWIEL II, SAKAT.I CHI K, S11ABANOWTI7. J, 

. Al'PEIJA E. HUNT DF, ENiWUIAKD VH; HLA-A2. l-assoclated 
Peptides from a Mutant-ceil Line — a 2nd Pathway of 
Antigen Presentation. Science 1992. 215:1264-1 266 

See (3I»|. 

31- Wei ML, Cbesswicij P: HLA A2 Molecules In -an Antigen pro- 
cessing Mutant-celt Contain Signal Sequence-derived Pep 
tides. Nature 1992 . 356:443-146. 
This paper together with ! Wl. shows tliat endoplasmic reticulum 
lender .sequences cim he presented by I1LA-A2 molecules as pep- 
tides longer than the usual 1 IIAA2 specific length and truncated forms 
of 111* same peptide associated with HIA A2 suggesting that trimming 
Likes place in the endoplasmic teUeitinm restiltliig in nonamers. 

32. noma m a. Faix K, Stwanovic s. Jtw. ci, hammhksi* i Mi 
Peptide Motifs of Closely Related HIA Class I Molecules 
Encompass Substantial Differences, fair J Immunol 1992, 
22:2453-24% 

33. PaUC K, ROr/scHMi O, DERI* K, MW70WI ). JUNG G. RttMMNS 
H-G: Identification of Naturally Processed Viral Nonapcp- 
tides Allows Tbclr Quantlficau'on ia Infected Cells and Sug- 
gests an Allele -specific T Cell Epitope Forecast. / llxfi AMI 

1991. 17*425-4.34. 

34. Makyanski JL AiiastaLX) J-P, CORKAUIM O, CHKOTTtNl J-C: 
Ntructur.ll Features of Peptides Recognized l>y H-2K 11 -re- 
stricttd I Cells- OJrl .\f>«>« llnrhor Symp Qmml Diul 19H9. 
54=5-15-550. 

35. Maiiyansm JI, vkroini AS, WiawiR PC, Sau-mmk I'll, Corbatiim G: 
Competitor Analogs for Defined T Cell Antigens: Peptides 
Incorporating a Putative Binding Motif and Polyproline or 
Polyglycinc Spacers, ci* 1990, 60:63-72. 

36. ROMERO P. Corkauin G, IJIESCHKH IF, Maiiyanski IL: H-2K*>- 
restricted Antigenic Epitopes Share a Simple Binding Motif. 
/ £\jfi AMI 1991, 174:603-612. 

37. NIXON OK, BmntniiN K, Oct; G, IlROUnEN PA: Cellular and 
Humoral Antigenic Epitopes In HIV and SfV. Inimimtth<nv 

1992, 76:515-534. 

3B. Ufrr/sijiKK O, Faix K, SHiVANimc S. ll'Nd G. Waijikn P, 
ramuensee II-C.: Exact Prediction of a Natural T Cell 
Epitope, fair J Imntntml 1991, 2l:2K9l->H9-i 
The allele -specilic motif of I l-2Kl> was used to preilk't the naturally pni 
cessed T-cell epitope of chicken ovalbumin expressed in mouse cells 
39. Pamer EG, I UK tv JT. Brvan Ml: Precise Prediction of a Dom- 
inant Class I MrlC-rcMrtcted Epitope of Listeria maimer 
rogenes. Natun- 1991. 353:H52-K55. 
The H 2K ll specific motif was used to predict a muurjl II-2K J -rearictcd 
epitope of the pathogen Ltsterkt. 

■iO. PIKICHNKKAiaUUVOUIt A. CASANOVA JL, AVKAMEAS S, CLAVEHIK 
J.M, Kourilsky P: Biased Amlno-acid DLstribution in (.legions 
of the T-celi Receptors and MHC Molecules Potentially In- 
volved in Ineir Association, tin Immunol 1991, .3:KS3-N6i. 

41. Jurcknskn iu tvsat i:. destukoth be. iieay pa, Oavi> MM: 

Mapping T Cell Receptor Peptide Contacts by Variant Pep- 
tide Immunization of Single-chain Transgenics. Nnnin 1992. 
355:224-230. 

42. JOIWKNSKN IL, IIEAV PA, EliRIOI FAV. Davis MM. Molecular- 
components of T cell Recognition. Aium Her Immunol 1992, 
10:835-873. 

43- WEBER S. T«Al.'SI:CKUS A, Ouvm I". Gerhard VP, KaRJaiainen 
K: Specific Low-affinity Recognition of Major Histocompat- 
ibility Complex Plus Peptide bv Soluble T-ce!l Receptor. 
Malum 1992, .356:793-796. 

44. WEITZIEN HC, HEUHELMANN S, PFU'CfElDER U, R|l)l H, UKTMANN 
B. Martin S, Iciesl« A: Antigen Contact Sites in Class-l Ma- 
jor Histocompatibility Complex-restricted, TrinitrophcnjH- 
specific T-cell Receptors, fair J Immunol 1992. 22:863-866. 

45. M\m:i K. Boniface JJ, Reay PA. Schild H. Destgrotth HE. 
Davis MM: Low Affinity Interaction of Pcptide-MHC Com- 
plexes with T-cclI Receptors. Science 1991. 254:1788-1791. 



■t(x Carbone fr. stehky SJ. umiER J. Rlu.hu S. Mooke MVt': T Cell 
Receptor Alpha-Chain Pairing Determines the Specificity "f 
Residue 262 within the Kb-restrlcted, Ovalbumin 257-264 
Determinant. Inl Immunol 1992, 4:861-R67. 

17. SctiKMAClinR TNM, DiaiBinjN MLH, Veknik LN. Kast WM, Mkukv 
CJM, Neefjks JJ, Pioegh HI.: Peptide Selection by MHC Class- 
I Molecules. Nature 1991, 35th703-7(k. 

ia sniiui II. noiida m, DenEs K, Faij< k. rot/m:iiki! o, 
WIismi limit K-H, Juno G, Rammenseb Il- G: Fine Spccllicliy 
of Cytotoxic T Uymphocytes Primed in Vivo either with 
Virus or Synthetic Lipopepikle Vaccine or Primed in Vitro 
with Peptide. ,/ fl\p Mai 1991, 174:1665-1668. 

49. DKRES K. ScHllM^HEIt TNM, WlESMlllUiR K-M. SThVANOMC S, 
Gheineii Ci. .IL'MCi 0. Puitllll 111- Preferred Size of Peptides 
lli.it Bind to H-2Kl> is Sequence Dcpcndeni. liurj Immunol 
1992, 22:1 603—161 IK. 

50. HAM-UK AG, Andki-s A-C, ZlKMtnCKI A, ASTON RR. WliKS AI~ 
JAK2. a lliiid Member of the JAK Family of Protein Tyro- 
sine Kinases. Oncrxje/ie 1992, 7:1.347- 135.3. 

51. del V.M- M. sciiucirr il-l. rhi'i-frt r, m-iniiiiAsi- M.l. 
KOSzincwski UII: EfTtdcnt Pnwesslng of an Antigenic Se- 
quence for Presentation by MHC Class Molecules Depends 
on Its Neighbouring Residues In the Protein, (jjll I'WI. 
66:1145-1153. 

Shows thai Hanking residues may inlluencc i]iumliy. (>«i not identiivul 
M1IC liquids. Slum's also tlmt I colls can distinguish between U) fold 
diU'erencc uf natuntl llganil arpf numlier. 

52. Faix K. RtnysaiKK CV. Conseimw Motlts and Peptide UgnmLs 
of MHC Class I Molecules. Sen, Immunol IW3. In press. 

53. Walusy H-J. Dkris K, Faatii s. jiim; G. \'AN PKl A. 1HKIN 
T, RiXslMEfSlCK H-Cj Identification anil Quantification of a 
Naturally Presented Peptide as Recognized hy Cytotoxic T 
Lymphocytes Specilic for an Immunogenic Tumor Variant, 
fwi immumil 1992. •i:l()R*-l09t>. 

54. IkxiN r. Van I'm. A T Cell-recognized Antigenic Pep- 
tides Derived from the Cellular Genome Are Not Protein 
Degradation Products but Can be Generated Directly by 
Transcription and Translation of Short Subgcnie RcgioiLS. 
A Hypothesis. IminiiiuwmUcs I9TO. 29:75-79. 

53. I'. Dkiiakn E. Vani'ki. a, Di:smki t:. sxikika .11'. 

l.L'tiyt :in C, UiliAtJQVKItllEVDI-N AM, H<K)N T: Ellicicnt Ex- 
pression of Tum-antlgen p91n by Translccted Suhgenie 
Fragments. Immitmiuctwlicx 1992, .35:241 ^52. 

56. FlTTHN IV, IU)V N, C.1IJHJA 1C: A Framcshift Mutation at the 
NH2 Terminus of the Nucleoprotcin Gene does not Af- 
fect Generation of Cytotoxic T Lymphocyte Epitopes. ./ 
Immunol Wl, 147:2697-2705. 

57. MOORE M\V, CARIKINI- l-ll, HEVAN MJ: Introduction of Soluble 
I'nitcin into the Class I Pathway of Antigen Proce.wlng and 
Presentation. fi# 19HM, 54:777-7H5. 

5H. RHtJUV R, Zhou F. IH'ano I.. Cmiboni- V. Huv.vs M. Hum nr. 
pH Sensitive Liposomes Provide an Efficient Means of Sen- 
sitizing Target-cells to Class- 1 Restricted (HX Recognition 
of a Soluble protein. ,/ Immunol MvOmhI I'MI. I4l:15?-th.3. 

59. l<AVCUAt:t»aim S, Tonus M. Cakiiom: E, R^kamv T. Mi>W«j« 
WT«'. IIanna N: Induction of Antigcn-spccUic Class-l-rc- 
stricted Cytotoxic T-cclls by Sofublc-5>rolelns in I'/rn 
1'ioc Nail AciulSci f'SA 1992, 89:R.30H-H31 2. 

60. ir)\T.LiNr) l», *'axo CR, yt>NtiKAvtA II. Ihiienia. h\ Ijnijaih. KF: 
Maternally Transmitted Histocompatibility Antigen of Mice: 
A Hydrophobic Peptide of A Mitochondrtally Enctxled Pro- 
tein. Cell 1990. 60:971-980. 

61. SllAWAk SM, Was JM, RCmx;i;rs JR. C<»k RG. Riot RIL Spe- 
cialtacd Functions of MHC Class I Molecules. II. Ilmt Binds 
N-formylated Peptides of Mitochondrial and Procaryotic 
Origin. ./ Exp Me/1 1991. 174:941-9-14. 



Copied from (iOfi /Ol ■■ / on 0! ) I > S • ^00 S 



=S2 



MHC molecules as peptide receptors Rnmmensee, Falk ant) Rotzschke 



thw I- GAOAT.il.liH B, Umbn R, Kvtsr S: ATP is Required 
fi.r /« Vitro Assembly of MHC Class 1 Antigen* hut noi r<»r 
67^65 274 P<!P " CjCS Acr ° S5 t,,c BR Ml:mhr:lnc CcU l«»Pl. 

OotMiHentw B: Antigen Processing — Who Needs Peptide 
Iransportcrs. Af«/wy jvyi 3S5:tl>9-l 1(1. 



Dranc.s. l-nx ffait .*,ui Xci ('SA 1992. 89:390H 3912. 
Gllll-M P. WAIJ.NV II I. Faus K. Uoi/_m:iikk < ). aknuij, II 
Smruviiiui (,. H.viMiKUNt; G, Raau.ii:ns>:i-: Uneven 
1 Issue Distribution of Minor Histocooipaiibility Proteins 
versus Peptides is Closed hy Mlic: Expression. CWf 1991. 

H-Cr. Gene Trawler Experiment-. Imply Instructive Hole of 
" Peptides Processing, l-ur 



MHC Class I Molecnlt 



HKUMWMSu I, IIIttisTHOSM KE: Iniliietlon (if Cytotoxic T- 
lymphocytes Specific for a Syngeneic Tumor Expression 
the HIS Oncoprotein of Human Papilloma Virus Type 16 / 
hlmunmt 1992. UH : 2ril7-, 6 2l. 

KOI>RKll.li;» MM. QlKUKY AS, AKKfc«A G, COKHAIXN G. KOSIIbO 

l», Marvanski JL, Nibsknctwk: RS. Zaxaia Ft am* Cytolytic 
I cell Clones Derived against the PliismiHtwm yovlii Clr 
curosporuzoitc Proidu Protect Against Malaria. /«/ hnntmuil 



KHHUndi-h RJ. Shawau KM. liwjwN Ml, Kli.ll KK- S| 
Hole for a Murine Class lb MIIC Molecule in Pi 
ilosi Defenses. Scn-wr 1992, 2->7:67H-(>?y. 
I'amkm i:G, Want, ck. Haiikkiv i, fi*:iii:h Ijmxuu. 
M| : S|..»M.< Presents a Listeria nmnncvn^cnvs P 

Crtomxie T Lymphocytes. {.W/ 1992, 7ll:>lS-223. 

Ilmra-N III, Iaudi r/KV T, swkk ma. Samkahim h. 

I'I. Willi DC A Hypothetical Model of thf ! ; .>fc 

gen Wilding Site .,1 Class II lllsuic.mipaiihlllix ,v 



I'AIK K. Rrtiy.sL.IKli O, Kav 
orally Presented by Ilotli 



Rammkksi-x ll-C, IVwti I 
Presented !«• MHC Chi 

my in ptcss. 



!■: II <!; A Self Peptide Nat- 
" ami 1I-2K'" 1 " Molecules 
of .Self Tolerance ai the 



I: Peptides Naturally 



GnmiAjC, lliiowN J||. jAKDirraiv T, w.tJiV IX:. Si irujiiNtim 
II.: Crystallization oMlLA-UR Antigens. h\s l,,mmm,l 1991 
I i2:illl iir. 

s tin- lirst plioingr.ipli of an MIIC mass II crystal. 

VN,:W ' 1 *»■«> 'v . f KjuKk-, ik^mtUu mi~ 

lis-, II Mt.lec.iles M,'«;< I'm, i*H (,_•.< .»r 
milieaiion ..I natural class II llgamls. 



von IIoiiimh, ;• Tin us. Kisiimm 
• he Useful. Neglccls the Useless an 
Immitmi Tmltiy I'M'), ltl.V-ol. 



Natural MIIC c: 



VIKlHtA .1-1'. SHIIUJ '(' Mm:hm| » Vvs'pin 

H. llmciiuir V Gene Coiling for TceU-dcli 
plantation Antigens: Point Mutations. Am 
and SiibKtniL i x,«iss|iin. r.,,/,/ St>nm< Hut 
Uiul IVM'J. 



M.AK1ANSKI .11. I)r H|-Kt',liCK V. tUw.N T: Mru'ettire 
Gene of Turn transplantation Antigen PISW: A l'oini 
tion Kcncratc.v a New Antigenic Peptide. / lixp .!/,• 



M. IllSVr It-', Mli:ilBI. II, lMCKINSUN TA, StlAIWNi J. Ui\ Al, 

SvK.ua:. in K, Ai't'i:u.\ v.. Ghky Mm. svrn A: I'epVi.les Pre- 
seated u. tl.c Inmiunc System hy .be Murine <Jiss 1] Ma- 
|iM^ I llstiK'unipatlMliiy Complex Molecule l-.V'. ScirHCr 19»)2, 

IH-MrilH-s (lu- use til utLss s|xsin.iiielr>- lor the klenUhValion ol MIIC 

class II |i R ..n,ls SuKKesiions of 1 1 2A' 1 s|x-v ilic „i,„if s \, Mn \ I I 2A' 1 

.-awilic |HiiiKle binding miiill tle.serilhxl earlier. 

H<>. Kkoi^ioikr h. Mv X II. Mlau u CA. MnsMi P, Stkcavom.: s 
Ji-Kti (i. Kmmmiwk if; Self-pcptidc ReleascJ &om Oast II 
IUA-DH1 lixhlhiLs a IhYlropltobic Two residue Contact Mo- 
tif. ,/ lisp If,,/ |.W2. I75:I7W lmi.1. 

ClIICZ HM. 1-HI.AN RG. LW.T WN. t;<H..IA It:. M-kltK IJ. VntSAU 

l).U. .StiuiMixnHK.il. I'fcdoniinant Naiimtlly IVoee.ssed Pep 
titles Hound in IIGV-DKI arc Derived I'ni.n MUCrelated 
Molecules anil are Heterogenous In Size. Hutttiv I9<>2 



lit P. Al- Ramaiji UK. lonnumi 
I. JsMrffAY CA: Truiicaii.m Variants of Peptides Isolated from 
v, " c {(j - v « *W v V«,»t Motih \«i,.„ 

IWA .**>y:-.2«> -1.11. 

cation of the Naturally Piotcsscd Form of Urn Fgy. While 
l.j-sozymc IVnmd to the Murine Major Histocompatibility 
complex c:ia.ss II Molecule I -Alt. I'm: X„il Ami Sci TSVI 
1W2. H9:7.sH() "AHV 



V.W DtH IlRKKiCN P. TRW:itV«.KI I!, t-JNIW-T- I' |t W t|-|N C Or 

p.«n E. van r* N RVNtXt M. KM-ri. A. Ikx.N l: A*fl en e"K n : 
coding an Antigen Reoignized by Cnolytic I.ymphtKTtcs-T 
^I. 2Vt:IWi-l6-i7. 



3 Human melanoma. ScictKn 1 



Copied from f iOf i /Ol - -- / on 0! > I > -■ • ^00 S 



44 Antigen recognition 



CcaoN SM. Gkey UW: Prediction of Major HistiKompaUhility 
Complex tlinding Regions of Protein Antigens by Sequence 
llttcrn Analysis. /Vw NtilhWmlSci USA 1989, 86:3296-3300. 

JU WllJiV fx:: Peptide 'Binding to 11LA-DR1: A Peptide with 
Most Residues Substituted to Alanine Retains M1IC binding 
VAIHOJ 1990, 9:1797-1803. 

97. Mux CM. Haviiau. .ID, Auiscmv A A, KomuAM) JM: Conforma- 
tional and Structural Characteristics of Peptides Binding tti 
H LA-UK Molecules. J ImimnxJ 1992. 147:1H9-I97. 

9a KHietSK* Hi, Kaiw l«C, Own MM. Yu WY. OXiujjvan O. 
Maioksky I, Ym*; 7X. Ctwvr SM, Oakta I-CA. SiI>Ni:Y J. it 
ai_. Single Amino Acid Changes in DH und Antigen He- 
line Residues Critical fur Peptidc-MHC Rinding and T-ccll 
Recognition. / Immunol 1991, 146:2331. 

99. RimniAKn JD, Giimtit ML Interactions between Immuno- 
genic- Peptides and MHC Proteins. Amxu Her Immunol I9VI , 
9:527. 

100. O'SUIXTVAN D, AIMHKNIUS T. SWNKY J, I5KI. Gt'UKUO MI\ 
AWRHTSON M. Waij. M. Oskruff C. Sum WOOD S, CotrtN 
SM. Gai-ta l-"CA. Sivite A On the Interaction or" Promis- 
cuous /Antigenic Peptides with Different DR Alleles. Iclcn- 
tiAcution of Common Structural Motifs. / Immunol 1991. 
147:2663-2669. 

101. O'SIMJjvan O, Sidney J. nr.i. Gt iBtJio Ml'. Coihn SM, Sixn-: 
A: Truncation Analysis of Several UK binding Epitopes. ./ 
ImnuimA t-io.-12-lO 

102. 11aMmi:« ;, TakaCS H. SINIUmilia I-': [tlcntilieatlnn of a Modf 
lor HLA-DRI Binding Peptides Using M13 Display libraries 
/ ExfiMni 1992. 176:1007- 1013. 



9:7(I7-744 R 

ItM. CNANiiti Hit: C*.nular Studies on Antigen Presentation by 
Clxss 11 MHC Molecules. Oirr 0/«« Immunol 1992. -1:63 69. 

101. Weiidhijn O: Determinant Protcctlun. A Hypothesis (or the 
Activity of Immune Response (iencs in the I'rocesslnR and 
Presentation of Antigens by Macrophages Seoul J ImmttmJ 
1986, 24:625-636. 

Mi. Ciiksswkix I 1 : Chemistry and Fanctioniil-rolc or the Invariant 
Chain. Con- 0/>i» liumtmitl 1992. -i:tr-92. 

nr. MtKMANN TR. C<ih.m.\.s HI.- Tilt and TI12 Cells: Different \Hi 
terns of Lyniphoklne Secretion Leittl tu Different Functional 

I OH. RAMMKMSKr! Il-O: Maintenance of Sell Tolerance in V.YH ' T 
Lymphocytes by Antigen Presentation on Resting II Cells 
— a Hypothesis How Mnnrnr Tmus/i/nnl 1'WI. 7 (sttppl 
I):26-2M. 

109. Kvwin I t;, Pawkii nC: Small 1! Cells as Amigcn-prcM.nl- 

ing Cells lit the Induction of Tolerance tti Soluble Protein 

Antigens. J ILy Mill m2, 175:131- I.IK 
llli. Zi:MMt)lilt.|, I'ahmam V: Distinctive Polymorphlsni at the IILA- 

C Locus: Implications for the Expression of IIIjV-C. ./ l-xp 

,IW 1992, 176:937-9S|>. 



Ill jtcrr/soiKt- O. Raw K. Kiwamk*: S. tiKAtu >\At: It. S.hikm m.I. 
pi t; C. Kmimi:nski! Il-Or Qa-2 Molecules are Peptide Keecp- 
loni of Higher Stringency than Ordinary Class 1 Molecules. 




I t-G Ktunntcnsue. K l-'alk and O Rot/sclAe, Mtut I'latu k Instnuu- fur Id 



Copied from fiOfi/Ofi')/ on 09 y '8/^00 S 



BEST AVAILABLE 



Critical Kcview.^ in ImmmwInRV. l7:3K7-397 (IW7) 



The Discovery and Use of H LA- Associated 
Epitopes as Drugs 

Robert G. Urban,* Roman M. Chicz, and Mary Lynne Hedley 

Pangaea Pharmaceuticals, Inc., 763E Concord Ave., Cambridge, MA 02138 



ABSTRACT: MHC receptors "display" peptide fragments to T cells. These peptides are pred.minu.nlly derived 
from proteins expressed within or ingested by the presenting cell. Since empty M HC molecules tiro highly unstable, 
nepiiite ligands are bound prior lo MHC surface expression and the ensuing t„. off rates are olte.i on the order -of 
Jays It is"" the rcmnrkt.hle sinbility of MHC/peptide complexes, which provide us an oppununtly U> purvty MHC 
molecules from infected, transacted, or antigen pulsed cells and subsequently identify the naturally processed 
peptides being presented. On the other hand, .he stability of MHCVpeplide complexes substantially reduces the 
>mt , f parenterals administer, peptides,, Using ser mmum.-aflmiiy chromatography and mass 

spectrometry, naturally processed peptides can be identified. When these peptides are then encodcl ...to nuclcic 
aeiJ and delivered irare.Uen.lly, they are highly immunogenic. Application of these techniques to .mh.ee vigorous 
CI'L responses will be discussed. 

KEY WORDS: peptides, antigens, vaccines. DNA. microsphere, cytotoxic lymphocyte. 



I. THE NATURE OF HLA- 
PEPTIDE INTERACTIONS 

Proteins encoded within the class I and class 
II regions of the major histocompatibility com- 
plex participate in imimine recognition of patho- 
gens by binding and transporting to the cell sur- 
face small immunogenic peptides. 1 Class I and 
class 11 genes are the most polymorphic gene 
families in the human genome. This led to the 
proposal that a significant survival advantage has 
been afforded by increasing the diversity and 
number of these receptors. This concept is also 
supported by the binding mechunics of these 
molecules. Unlike most receptor-ligand interac- 
tions where specificity is imperative, HLA mol- 
ecules strive to accommodate as many different 
ligands as possible. Most often the peptides pre- 
sented by HLA molecules are remnants of full- 
length proteins that have undergone partial pro- 
teolytic degradation.-' As essentially random 
combinations of twenty different amino acids, 
these peptides represent a remarkably diverse 
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collection of chemical entities or ligands. From a 
receptor/ligand point of view, it is difficult to 
imagine how a single receptor could bind to all 
these peptides and do so with high affinity when 
these ligands are so seemingly different. The an- 
swer to this puzzle is that HLA molecules do not 
focus their attention on the differences between 
peptides but rather on the features that all pep- 
tides have in common. The universal features that 
HLA molecules have evolved to recognize are the 
peptide bonds between each amino acid and iu the 
case of class 1 receptors to the NH 3 - and -COOH 
termini of peptides. 4 ' 5 HLA molecules can bind 
peptides with low nanomolar affinities by cm- 
ploying numerous cooperative interactions, which 
together add up to the overall high affinity. 

Although a given HLA molecule can bind a 
large number of different peptides, it cannot bind 
all peptides. This fact resulted in the selective 
pressure to increase the number of receptors ex- 
pressed. But, if HLA molecules use common struc- 
tural motifs to bind to peptides why are they 
incapable of binding all peptides? Most peptides 
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in the size range bound by HLA molecules are too 
small to maintain any rigid tertiary structure. Our 
working model of the HLA-peptide interaction 
suggests that during the binding process, an initial 
interaction at only a few contacts captures the 
ligand while the non-bound portion is allowed to 
freely rotate at each peptide bond in an attempt to 
increase the number of contacts. This model is 
supported by observations of weak initial affini- 
ties, which then convert to higher affinity-stable 
complexes/'- 1 The end-state conformation mini- 
mizes potential steric hindrances and appropri- 
ately aligns the electrostatic interactions of each 
charged amino side chain with those elements 
present within the receptor's ligand binding 
groove. If during this process irreconcilable con- 
flicts are encountered, the weak preliminary in- 
teractions, which initialed the binding process, 
will prove to be insufficient to maintain a stable 
conformation and the ligand will be released. 

Notwithstanding the above, the atomic idio- 
syncrasies (derived from polymorphisms with the 
binding pocket) of HLA molecules will tend to 
favor certain types of amino acid side chains at 
particular positions of the ligand. Although these 
amino acids only moderately participate in the 
total binding energies between receptor and ligand, 
they may make significant contributions during 
the critical early interactions between HLA and 
ligand. Small contributions in binding energy 
during this time period will dramatically increase 
the likelihood that the remaining cooperative sets 
of interactions proceed. 

Interestingly, class 1 and class II HLA mol- 
ecules are incomplete with respect to the struc- 
tural requirements needed to completely fold. 
Obligate chemical contacts are contained within 
the bound peptide ligand and as a result "empty" 
class I and class II HLA molecules are unstable 
and unfold rapidly. This is not the case for their 
close structural relative, the neonatal Fc Recep- 
tor." This implies that acquiring the appropriate 
ligand before achieving the tertiary fold is impor- 
tant. When one considers the fundamental role 
class I and class II molecules play as the first step 
in the immune recognition event, tight control 
over ligand acquisition makes sense. 

HLA-peptide complexes have significantly 
slower offrates than most structurally rigid recep- 
tors-ligand systems. The offrates for most HLA- 



peptide complexes are similar in duration to the 
half-life of nascent HLA molecules. From a prac- 
tical standpoint these facts have significant impli- 
cations. Because HLA molecules and their ligands 
are assembled within intracellular vesicular com- 
partments and the t l/2 are often on the order of 
days, sparingly few HLA complexes on the cell 
surface are •'empty" or "open" for binding of 
exogenously encountered peptides. Thus, a pep- 
tide-based pharmacologic agent, when adminis- 
tered parenteraliy, has little chance of loading 
HLA molecules (further discussed below) and 
remains immunologically inactive outside the 
context of HLA presentation. Yet, because of 
these slow offrates, HLA molecules can be puri- 
fied from cells, and an analysis can be performed 
on the repertoire of peptides being presented. 



II. DISCOVERY OF IMMUNOLOGICALLY 
ACTIVE PEPTIDES 

One approach for identifying minimal epi- 
topes has been to synthesize partially overlap- 
ping peptides covering the entire amino acid 
sequence of the target protein and then screen 
each of these peptides for their ability to bind to 
HLA molecules or elicit an immune response. 
The primary obstacle in applying this technique 
is that n significant fraction of the high-affmity- 
binding synthetic peptides identified do not cor- 
respond to the naturally processed epitopes pre- 
sented by the cell and thus are artifacts. A more 
practical obstacle is the expense of synthesizing 
overlapping peptides covering the entire length 
of the protein, especially in those instances where 
the target protein is of an extended length. Never- 
theless, several immunogenic peptides were iden- 
tified using this approach/ 1 - 12 

As an alternative to screening peptide librar- 
ies, techniques have been developed to identify 
naturally processed peptides from the surface of 
cells grown in tissue culture or tumors removed 
from patients. The pioneering work of Buus et al. 
was the first to show that acid treatment of HLA 
molecules released low-molecular weight protein- 
aceous material. 13 Refinement of this technique 
applied to purified HLA-peptide complexes has 
resulted in a substantial amount of sequence in- 
formation defining HLA-associated peptides. 3 -' 4 - 25 
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The miijority of these applications utilize im- 
munoaffinity chromatography to purify the HLA 
molecules from either cell lines or human tissue 
samples. 36 Originally, soft carbohydrate gels were 
used for the preparation of chromatographic 
packings because ihey were inexpensive, easily 
derivatized, of high porosity, and useful for labo- 
ratory scale prepurativc separations. In our labo- 
ratory this protocol was modernized to improve 
the protein yield, reduce the number of manipula- 
tions, and eliminate the exposure of HLA-peptide 
complexes to extensive dialysis.- 7 By automating 
the purification system, the lime required to ob- 
tain highly purified HLA-peptide complexes can 
be reduced from several days to a matter of hours. 
This reduction in. time is important to maintain 
the integrity of the HLA-bound peptide reper- 
toire. Although most of these complexes are quite 
stable, the receptoi-ligand interaction is not cova- 
lent and peptides are continually being released 
over time, as described in the previous section. 
Hence, lower affinity and lower occupancy pep- 
tides are naturally more difficult to isolate and 
analyze. In some instances immunogenic pep- 
tides fall into this category Thus, by imple- 
menting a faster purification scheme, a. more com- 
plete analysis of the entire bound peptide repertoire 
is achieved, leading to a better chance of isolating 
and identifying relevant immunogenic epitopes. 
However, speed is not the only advantage of an 
automated system. Along with the advantage of 
faster overall purification limes come improve- 
ments in reproducibility afforded by this approach 
that are necessary to increase the sensitivity of 
this technology for the analysis of complex bio- 
logical samples. 

The automated system described above con- 
sists of tandem HPLC columns linked in scries to 
achieve immunoaffinity separations of several 
HLA molecules from a single sample. In this 
approach, mAbs are directional ly attached to high- 
strength, large throughpore perfusion sorbents that 
allow fast velucity flowraics (up to 20 mL/min) 
and also facilitate the cleaning/recycling of col- 
umns after protein/lipid fouling.-'' This system 
was designed with multiple high-pressure switch- 
ing valves, which allow appropriate flow paths 
for automated column loading and serial elution 
of up to five individual mAb-speeifie immuno- 
affinity columns <R. M. Chicz, unpublished re- 



sults). These modifications empower a single sys- 
tem to automatically purify up to five allotype 
specific HLA molecules from a single lysate prepa- 
ration without manipulation of the effluents or 
reloading of collected fractions. Because this is a 
modular system, additional high-pressure switch- 
ing valves can be added to increase the number of 
individual columns to be eluted. This system is 
capable of both complex immunoaffinity protein 
purification as well as sensitive analytical reversed- 
phase chromatography (RPC) peptide separations, 
contiguously. 27 The effluent from the RPC col- 
umn is split and single microliter aliquots 
robotically deposited onto a matrix-assisted laser 
desorption ionization time-ofllight mass spec- 
trometry (MALD1-TOF/MS) target plate, while 
the remaining material is transferred into bioas- 
soy plates or storage vials. Next, an acidic matrix 
is applied directly on the sample plate and the 
peptide complex is crystallized. Once complete, 
the peptide samples are ready for immediate au- 
tomated mass analysis. 

The next step is to catalog the repertoire of 
peptides that are presented. To achieve this, a 
mass spectrometer capable of high sensitivity 
analysis is required as the monitoring device. Four 
prominent features make MALDI-TOF/MS an 
especially attractive analytical tool for this analy- 
sis. First, MALDI-TOF/MS spectra lend to he 
less complicated than those collected using 
eleetrospray ionization mass spectrometry (ESI/ 
MS) because the ionization process favors the 
formation of single (1+) ions rather than multiply 
charged ions (1+. 2+. 3+. etc.). This is an impor- 
tant consideration when comparing spectra of 
complicated samples. Second, this technique uses 
minimal amounts of sample, sub-femtomolc 
amounts for mass analyses and femtomolar 
amounts for sequence analyses. Third, the mass 
accuracy and superior mass resolution afforded 
using this technique arc not achievable using al- 
ternative mass spectrometry analyses. Finally, 
primary sequence information can be generated 
using two complementary modes of daughter ion 
fragmentation. The first two considerations de- 
scribed above are self evident, but the remaining 
points are subtle and will be expanded on below. 

A reflectron time-of-fliglu mass spectrometer 
is capable of collecting mass spectra in several 
modes of operation. Peptide fractions are first 
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screened for complexity and relative abundance 
using the linear mode of analysis, which has a 
lower resolving power and mass accuracy, but a 
higher transmission efficiency for complex mix- 
tures. These spectra provide an accurate catalog 
of individual peptides present and consequently a 
precise time of elution from the RPC column. 
Because each fraction from the primary RPC sepa- 
ration can contain hundreds of individual pep- 
tides, high resolution combined with mass accu- 
racy is the only method that can reliably screen 
the fractions for complete peptide characteriza- 
tion. Thus, the next analysis is performed in the 
reflector mode which increases the resolution and 
mass accuracy of the spectra by increasing the 
flight time of the ionized species. For example, 
techniques with lower resolving power (i.e. ion 
trap or triple quadruple mass spectrometers with 
normal resolution of -1000 to 2000 in the m/z = 
1000 to 2000 range at femtomole sensitivity) have 
difficulty characterizing peptides with mass dif- 
ferences of I to 3 Da or less (Figure la). The 
difficulty is mostly due to the inability of these 
alternative techniques to properly resolve the iso- 
topic distribution of a single peptide. MALD1- 
TOF/MS instruments equipped with extended 
flight paths and delayed extraction ionization fields 
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FIGURE 1. Isotopic resolution profiles lor several dif- 
ferent mass spectrometry techniques. The upper panel 
represents the theoretical isotopic resolution for a m/z 
= 1221.7 with a resolution of 1500. This is a typical 
value forelectrospray ionization triple quadrupole mass 
spectrometers under limiting sample conditions. The 
lower panel represents the actual mass spectra col- 
lected in the high resolution reflector mode for the 
same peptide using MALDI-TOF/MS. 



can achieve superior mass accuracy and resolu- 
tion (-15,000) (Figure lb), w at the femtomole 
and even attamole level. The exceptional perfor- 
mance of this instrumentation enables the reliable 
collection of multi-component spectra while per- 
mitting the mathematical subtraction of one spec- 
tra from another. Coupled with highly reproduc- 
ible chromatographic separations, subtractive 
analysis of naturally processed peptides from 
antigen pulsed and non-pulsed cell lines can be 
performed. The application of this technology is 
utilized to identify novel HLA-associated pep- 
tides derived from immunogenic target proteins 
without the aid of T cell assays. 

Another advantage of MALDI-TOF/MS re- 
lates to its ability to generate sequence informa- 
tion on peptide samples. Fragment ions can be 
generated in reflectron MALDI-TOF/MS by a 
phenomenon described as post-source decay 
(PSD)." Briefly, the sample unalyte ions undergo 
"delayed" fragmentation/neutralization reactions 
during flight stemming from multiple collisions 
with matrix molecules during gas phase plume 
expansion and ion acceleration. It appears that 
MALDI-TOF/MS is unique in forming pre- 
excited precursor ions that move at a fairly high 
kinetic energy over a long distance where they 
can undergo uni-molecutar decomposition with 
or without further collisionul activation.- 1 -' Using 
PSD analysis, complete sequence information can 
be generated from the daughter ion fragmentation 
patterns (Figure 2). The fragmentation patterns 
are different from those observed using high en- 
ergy 4-sector instruments or other tandem mass 
spectrometers, such as electrospray triple quadru- 
pole instruments. Furthermore, sensitivity is at 
least two orders of magnitude better than the afore- 
mentioned mass spectrometry approaches due to 
higher overall yield of fragment ions and higher 
ion transmission inherent in TOF instruments." 
However, to enhance PSD analysis even further, a 
collision cell can be introduced to the system. With 
a collision cell in place, high energy collision- 
induced dissociation (CID) spectra can be col- 
lected, which produce complementary fragmen- 
tation patterns as compared to PSD spectra. The 
combined data sets produce additional structural 
information for the sequence determination of 
unknown peptides (Figure 3). Unfortunately, there 
are some practical limitations inherent with PSD 
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FIGURE 2. PSD fragmentation pattern from MALDI-TOF7MS analysis of a MHC-assocfcated immunogenic peptide 
from vesticular stomatitis virus. A complete daughter ion fragmentation pattern Is observed. 



analyses. The current instrument design of com- 
mercial MALDl-TOF mass spectrometers is opti- 
mized for high resolution data collection, not se- 
quence analysis. This characteristic of the 
instrument design is most evident when analyzing 
complex multi-component mixtures. Although the 
linear and reflector mode are capable of detecting 
most of the individual ions in a complex mixture, 
the suppression effects resulting from the plume 
ionization of a multi-component mixture are mani- 
fested by a decrease in sensitivity during PSD 
analysis. Innovations in ion gating and detector 
design are addressing this issue that should result 
in an increase in sensitivity for sequence analysis 
(Proceedings of the 45th ASMS Conference on 
Mass Spectrometry and Allied Topics. Palm 
Springs, CA, 1997). Unfortunately, the rapid 
progress of this technology still needs to await 
applications testing and marketing before com- 
mercial instruments are available. 

A complementary technique to MALDI-TOF/ 
MS for the sequence analysis of low femtomole 
amounts of peptide is ion-trap mass spectrometry. 
Ion-trap mass spectrometry was recognized as an 
emerging technology for the sequence analysis of 



HLA-associated peptides prior to the availability 
of commercial instruments. 27 In the interim, im- 
proved mass accuracy, resolution and sequencing 
capabilities were achieved on commercially avail- 
able MALDI-TOF mass spectrometers. However, 
the combination of these two technologies may 
present the optimal manner by which peptide se- 
quence identification can be efficiently obtained 
from complex samples. The rationale for this pro- 
posal is listed below. First, the mass range of ion- 
trap instruments has recently been extended to 
include linear mass calibration and ton fragmen- 
tation for peptidcs. iM - w With these advances in 
place, several commercial ion-trap instruments 
are now available. Briefly, the strength of the ton- 
trap technology is the capability to isolate a given 
ion while ejecting all the nonselccted ioas from 
the instrument, hence the name ion-trap. Tins is 
accomplished through the use of non-linear mul- 
tipole fields, advanced resonance frequency elec- 
tronics, and optimized ring and endcap designs in 
the trap, which enhance the ion ejection speed and 
extend the useful mass range of the instrument. 
The end product is the ability to perform multiple 
fragmentation experiments on a given ion (known 
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as MS 1 "'), which extends the amount ol" informa- 
tion collected from peptide sequencing. This is 
manifested by performing a ZoomScan or limited 
mass range scan on a known mass. In this mode, 
the instrument can operate at high sensitivity ;ind 
resolution, but at the cost of scanning only a 
limited mass range. The price For this optimiza- 
tion is the inherent weakness of lower sensitivity 
and resolution of normal full scan spectra of the 
parent ions. The decreased sensitivity and resolu- 
tion compromises the detection of most ions in 
complex mixtures. For these reasons, the combi- 
nation of MALDI-TOF/MS with ion-trap MS may 
lead to taster sequence identification of HLA- 
associated peptides. 

Mass spectra collected using reflector MALDI- 
TOF/MS analysis normally have n mass accuracy 
near 0.01%. This is sufficient for use in mass 
matching protocols, where theoretical mass val- 
ues of peptides are compared with n linear se- 



quence from a target protein."'-"' Novel mass 
values obtained by the subtractive algorithm arc 
used to search out all possible mass matches within 
(he amino acid sequence of the target antigen. 
Posttranslutional modifications can be taken into 
consideration during these anulyses. Those pro- 
spective peptide masses matching potential strings 
within the target antigen (within a tolerance of 
0.02% using monoisutopic mass values) arc fur- 
ther analyzed. Mass matching is useful because it 
focuses the ensuing analysis on sequence verifi- 
cation as opposed to complete unknown sequence 
determination. Because the mass matching proto- 
col described ubove matches the linear peptide 
sequence with the experimentally reported mass 
value, the fragmentation patterns, including all 
ion types (b, y. a. d, w series), immonium series, 
and deamidtued and dehydrated forms can be 
mathematically predicted. Thus, peptide masses 
chosen by mass matching can be sequenced and 




FIGURE 3. Comparison of PSD and CID fragmentation patterns using MALDI-TOF/MS. The upper panel repre- 
sents the compiled PSD spectra (complete series of mirror ratio stitches) for an HLA-A2 specific peptide derived from 
an HPV viral protein. Notice the poor fragmentation series below mass 200. The lower panel represents the CID 
spectra (complete series of mirror ratio stitches) for the same peptide. The lower mass fragments are more 
pronounced using the CID method. Combining both sets of data promotes a more complete sequence analysis, thus 
making 1hs determination of an unknown peptide more likely. 
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the experimentally determined PSD and C1D spec- 
tra (collected by either MALDI-TOF/MS or ion- 
trap MS) are compared with the theoretical pre- 
dicted spectra to verify the mass matching by 
sequence analysis. Once a candidate peptide is 
properly identified, synthetic peptide analogues 
are produced and HPLC retention, mass analyses, 
and most importantly PSD and CID fragmenta- 
tion patterns are collected and compared with 
those used to originally determine the unknown 
sequence to confirm the unknown sample deter- 
mination. After verification, the candidate se- 
quence is tested in immunological systems. 



HI. PEPTIDES AS DRUGS 

The ability to determine the precise fragments 
bound by HLA molecules is a remarkable ad- 
vance in structural immunology. However, unless 
these advances can be translated into improved 
pharmacologic agents they will represent a mere 
technical feat without broad value. The traditional 
method for generating cellulnr immune responses 
against defined antigens has been to administer 
full-length proteins or synthetic peptides mixed 
with adjuvants. As the name implies, adjuvants 
are used to boost the immunogenicity of these 
antigens. In many instances these techniques were 
effective in generating humoral responses, but 
cellular responses have proven to be more diffi- 
cult to activate. It has been generally postulated 
Uiat by administering the precise peptide sequences 
recognized by T cells, the presentation efficiency 
and thus potency of these antigens would he in- 
creased. In most instances this has not turned out 
to be the case.- 19 The primary obstacles are related 
to inefficient cell surface binding of the adminis- 
tered peptides and the need for prolonged stabil- 
ity in vivo. w Synthetic peptides are rapidly de- 
graded by scrum peptidases as well as cleared by 
normal hepatic and renal function. 41 One alterna- 
tive to using conventional synthetic peptide mixed 
in adjuvants has been to use modified lipopep- 
tides. 4 - These peptides have improved serum sta- 
bility and use the lipid component to increase 
cellular permeability. Lipopeptide formulations 
showed higher potency in animal systems when 
compared with the standard peptide approach, 
and human clinical studies are ongoing. 43 



IV. DNA-ENCODED ANTIGENS 

Injection of plasmid DNAs encoding anti- 
gens into muscle or skin is becoming a well- 
studied approach to generating immune responses. 
In this system strong viral promotei-s are used to 
overexpress antigens. In some cases, deleterious 
effects may result from an overabundance of viral 
antigens and may lead to cell transformation. 44 -' 7 
Potential complications arising from this scenario 
should be avoided if DNA vaccines are to be 
safely used in humans. One alternative is to use 
only the naturally processed viral or tumor epitopes 
to activate T cells. Moreover, providing cells with 
the pre-processed antigenic peptide bypasses the 
processing machinery and is n more efficient 
method in loading HLA molecules with antigen. 4 * 
In addition, by using small fragments as immuno- 
gens the potential complications or toxicities as- 
sociated with the expression of functional pro- 
teins are minimized. 

Protective immune responses were demon- 
strated using recombinant vaccinia constructs 
encoding CTL epitopes. 4 ''-" However, it has re- 
mained unclear whether the coincident immune 
response to vaccinia virus and the bystander 
cytokines produced have contributed to the im- 
munogenicity of the antigenic peptides studied. 
Interestingly, certain palindromic sequences 
present in some bacterial plasmid DNA stimulate 
secretion of IL-2 and gamma interferon. 54 -'* 
Cytokines induced in this way amplify T cell 
reactivity to protein antigens encoded in plas- 
mids" and might also provide "help" for a re- 
sponse to preprocessed antigens. Plasmid DNA 
represents an immunization vehicle that is ame- 
nable to repeat injections, does not exempt pa- 
tients with preexisting immunity to viral vectors, 
and docs not pose risks associated with recombi- 
nant viruses.' 5 '' Following intramuscular injection 
of plasmid DNAs encoding ER-targeted, natu- 
rally processed viral epitopes activate CTL re- 
sponses. We studied this approach in several viral 
systems, and an example of two are shown in 
Figure 4. In each model studied, CTL activation 
was demonstrated; however, to achieve robust 
activation, this approach requires substantial 
amounts of plasmid DNA and repeated immuni- 
zations. These requirements were surprising be- 
cause after the first injection muscles expressed 
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FIGURE 4. Induction of CTL activity following immunization 
with plasmid DNAs expressing minimal CTL epitopes. Mice were 
immunized with plasmid DNA encoding leader peptide tagged to 
amino acids 325 to 332 from the N protein of Sandal virus (panel 
a) or amino acids 52 to 59 from the N protein of vesticular 
stomatitis virus (panel b). Animals receiving the SV construct 
were Immunized three times whereas the animals Immunized 
with the VSV construct were only immunized twice. All booster 
immunizations were performed on 21 d schedules. CTL activity 
was measured on syngenic targets labeled with either the SV 
peptide (□) or the VSV (o). 



the encoded antigens for extended periods of time 
(data not shown). 



V. FORMULATIONS TO GET DNA 
INTO CELLS 

The primary difficulty in using peptide-based 
antigens is achieving .sufficient binding of HLA 
molecules. The primary obstacle for nucleic acid- 
based antigens is getting the DNA inside the cells 
and, perhaps even more importantly, getting it in- 
side the correct cells. As demonstrated above and 
in numerous other systems, intramuscular immuni- 
zation with naked DNA results in activation of 
immune responses. 59 Until recently, the mecha- 
nism by which this occurs was unclear. The theo- 
retical problem has focused on how transfected 
muscle cells could activate naive T cells given the 
fact that they do not express co-stimulatory mole- 
cules required for initiation of a T cell response. 
Recent work suggests that the immune response is 
not initiated by transfected muscle cells but rather 
by bone marrow derived cells presenting antigen 
secreted or released from the muscle cells. 60 - 61 

Another approach was developed in which 
DNA is coated onto small gold beads which are 



then introduced through skin by a high 
pressure ballistic device/' 5 This so-culled 
"gene gun" is Uiought to function by 
introducing DNA into Langerhans cells 
that are known to professional antigen 
presenting cells. This technique requires 
substantially less DNA than the "na- 
ked" DNA approach but docs require 
uccess to the moderately complicated 
ballistic device, and it docs not disperse 
DNA systemically which may be desir- 
able in certain therapeutic situations. 

More recently an approach was de- 
veloped to target DNA into professional 
antigen presenting cells. In this system 
plasmid DNA is encapsulated into par- 
ticles composed of polylactide-co- 
glycolide (PLGA). PLGA microspheres 
are safe and reliable drug delivery ve- 
hicles.'' 3 Microparticlcs under ten mi- 
crons are engulfed by phagocytic cells 
of the reticuloendothelial system which 
concentrates encapsulated material 
within professional APCs." The propensity of 
polymeric spheres toward APC uptake makes them 
suited for intracellular delivery of DNA-encodcd 
antigens. These antigens arc synthesized by the 
cell and arc accessible to the antigen processing 
machinery that loads HLA molecules and should 
accordingly activate T cells. 

This new technique results in spheres with a 
median diameter of 3 to 5 Jim. All steps of the 
procedure have been optimized to reduce DNA 
shearing and nicking and maintain the supercoiled 
nature of plasmid DNA. Over 80% is internal as 
determined by DNAase resistance. To demon- 
strate that these particles can be ingested and the 
DNA is released and expressed, a plasmid con- 
taining a luciferse cDNA was encapuslatcd and 
added to a culture of P388D1 (a murine macroph- 
age cell line). Plasmid DNA expression as mea- 
sured by luciferase activity is detectable at 24 h 
post particle ingestion (Table 1). Expression lev- 
els continue to increase for 3 d. After 5 d expres- 
sion begins to decrease, due to cell death from 
overcrowding under these in vitro conditions. 

The ability of professional APCs to ingest 
and express plasmid DNAs contained within 
microspheres implies that these kinds of vehicles 
could be used to elicit immune responses in vivo. 
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TABLE 1 

Microparticies containing: 



Luciferase DNA Control DNA 

1257 103 
2632 107 
3400 BO 
763 90 



Day 1 
Day 2 

Day 3 
Day 5 

Note: Expression of luclferase in P388D1 celts. 



To explore this possibility CTL responses ob- 
tained by immunization with encapsulated and 
unencupsulated plasmid DNAs was compared. An 
example of these efforts are shown in Table 2. In 
this particular experiment, mice immunized ei- 
ther one time intruperitonetilly with microspheres 
containing 2 to 5 |ig plasmid DNA or immunized 
twice intramuscularly with a total of 200 [lg 
unencapsulutcd. naked DNA. These data suggest 
that administration of encapsulated DNA is more 
potent than naked DNA, at least when CTL 
epitopes are used. One of the limitations of using 
naked DNA clinically is the amount of DNA 
needed. In the experiments described here, a single 
injection of microparticies containing -2 to 5 fig 
DNA generates stronger responses than two im- 
munizations with unencupsulated DNA using 1 00 
ug in ouch injection. The increase in efficiency 
may be due to the protective nature of the poly- 
mer coating, but is more likely to result from the 
increased uptake of DNA by professional APC 
that are required for activation of naive T cells. 
Other studies demonstrated that significant im- 
mune responses can be generated following injec- 



tion of DNA loaded microparticies into v 
routes. Furthermore, synthesis of targeted pep- 
tides within cells appears to overcome the limita- 
tions of synthetic peptides with respect to T cell 
activation. In fnct, a recent report demonstrates 
that cells harboring a peplide-expressing DNA 
construct can produce >5().0()() copies of HLA- 
peptide complexes on the cell surface.* 4 

So it would appear that genetic immunization 
with a minimal amount of information from a viral 
antigen (i.e., the sequence of a naturally processed 
peptide) can be used to elicit significant CTL. 
Furthermore, encapsulation of plasmid DNA into 
PLGA microparticies increases the potency of DNA 
delivery over that seen with naked DNA or syn- 
thetic peptide and represents a simple and targeted 
mechanism for reaching antigen presenting cells of 
the immune system. As it is probable that imniuno- 
logictil memory is dependent on residual antigen in 
lymphoid centers, this type of antigen delivery 
should ensure a prolonged memory response." The 
long-term immunological memory to these nucleic 
acid-based antigens delivered in biocompatible 
polymers is ongoing. 



VI. CONCLUSIONS 

The presentation and recognition of antigen 
has recently been studied at the atomic level. 
These advances helped to clarify many of the 
problems encountered in our attempts to regulate 
the immune recognition. Although much is yet to 
be learned about the fidelity of T cell receptors, 
we are well on our way in developing systems to 
identify and deliver smarter antigens. 



TABLE 2 



Preparation % lysis of target cells' 

Naked BIOTOPE vsv 200 ug 1 4.2 +/- 3.6° 

BIOTOPE vsv ENSPHERE 2-5 ug 26.7 +/- 3.5" 

0 Data is reported as the mean lysis values from three individual 

measurements at an E:T of 50:1. 
b Error is reported as the standard deviation; p value < 0.05 as 

determined by the Students t-test. 
Note: Lysis values measured without in vitro priming to avoid 
introducing bias. 
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